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(57) Abstract: Apparatuses and methods for supporting a workpiece such as a semiconductor wafer. A support system is configured 
to support the workpiece while allowing thermally-induced motion of the workpiece,which may include thermal bowing or thermal 
bending. The system may include a support member having a moveable engagement portion engageable with the workpiece, the 
engagement portion being moveable to allow the thermally-induced motion of the workpiece while supporting the workpiece. The 
moveable engagement portion may include a plurality of moveable engagement portions of a plurality of respective support members, 
which may be resiliently engageable with the workpiece. The support members may include flexible support members each having 
an unconstrained portion and a constrained portion, and the moveable engagement portions may include the unconstrained portions. 
Alternatively, the support members may be rigid and the system may include a plurality of force applicators such as springs in 
communication with the support members. 
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METHODS AND SYSTEMS FOR SUPPORTING A WORKPIECE AND FOR 
HEAT-TREATING THE WORKPIECE 



CROSS-REFERENCE TO RELATED APPLICATIONS 

5 This application claims the benefit of priority from United States patent application 

serial number 60/434,670 filed December 20, 2002, and from United States 
provisional patent application serial number 60/468,659 filed May 8, 2003, both of 
which are hereby incorporated herein by reference. 

1 0 BACKGROUND OF THE INVENTION 

1. Field of Invention 

The present invention relates to methods and apparatuses for supporting a workpiece, 
and also relates to methods and apparatuses for heat-treating a workpiece. 

1 5 2. Description of Related Art 

Numerous applications require a workpiece to be supported. For example, in the 
manufacture of semiconductor chips such as microprocessors, the workpiece typically 
includes a semiconductor wafer, which must be supported in a thermal processing 
chamber for annealing or other heat-treating processes. The wafer is normally 

20 supported in the chamber by either a plurality of support pins (typically quartz), or 

alternatively, by a guard ring (typically formed of a semiconductor material similar to 
that of the wafer itself). Due to the fact that physical contact between the support pins 
or ring can cause thermal gradients in the wafer during thermal processing, thereby 
damaging either the crystal lattice of the wafer or devices in the wafer, the pins or 

25 guard ring in many typical systems contact the wafer only at its outer edges, within 
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the confines of a narrow "exclusion zone" or waste zone, which is not used to produce 
semiconductor chips. The exclusion zone extends radially inward for only a small 
distance (e.g. 3 mm) from the outer circumferential edge of the wafer. However, the 
support pins in at least some conventional systems contact the wafer at locations other 
than the exclusion zone. For example, one conventional system employs contact pins 
that contact the wafer at a distance from the center of the wafer of about two-thirds of 
the wafer's radius. Thus, although use of the exclusion zone to support the wafer is 
advantageous for many applications, it is not viewed as essential. 

Device size and performance requirements of semiconductor chips are becoming 
increasingly demanding, with the result that new heat-treating methods are emerging, 
and existing heat-treating methods are being modified, to attempt to satisfy these 
evolving requirements. However, conventional methods of supporting the 
semiconductor wafer may no longer be appropriate for some specific applications of 
these emerging heat-treating methods. 

Examples of such emerging heat-treating methods are disclosed in commonly-owned 
U.S. Patent No. 6,594,446 which issued to Camm et al. on July 15, 2003, and 
commonly-owned U.S. Patent Application Serial No. 10/005,186 published on 
August 1, 2002 as Publication No. US 2002/0102098, both of which are hereby 
incorporated herein by reference. One such method involves pre-heating the wafer to 
an intermediate temperature at a rate that is slower than a thermal conduction time 
through the wafer, so that the entire wafer is heated relatively uniformly to the 
intermediate temperature. This pre-heating stage may be achieved by irradiating the 
back-side or substrate side of the wafer with an arc lamp, to heat the wafer at a ramp 
rate such as 100 °C per second to 400 °C per second, for example. Following the pre- 
heating stage, the top-side or device side of the wafer is rapidly heated to a 
substantially higher annealing temperature, at a rate much faster than a thermal 
conduction time through the wafer, so that only the top-side surface region of the 
wafer is heated to the final annealing temperature, while the bulk of the wafer remains 
close to the relatively cooler intermediate temperature. This may be achieved by 
exposing the top-side surface to a high-power flash from a flash-lamp, for a relatively 
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short duration, on the order of one millisecond, for example. The cooler bulk of the 
wafer then acts as a heat sink to facilitate rapid cooling of the top-side surface. 

Other annealing methods, which do not necessarily involve any pre-heating stage, 
include rapidly heating the device side surface of the wafer to the annealing 
temperature using excimer lasers or a microwave pulse, for example, while the bulk 
of the wafer remains at a much lower temperature. One variation of such a method 
involves scanning a laser line across the surface of the workpiece, to rapidly heat the 
area of the workpiece covered by the line as it scans. 

However, the present inventors have discovered that certain specific implementations 
of such annealing methods may give rise to special problems and difficulties that have 
not been previously discovered or appreciated, hi particular, the present inventors 
have discovered that conventional methods of supporting a workpiece may not be 
suitable for some applications of these annealing methods, as discussed in greater 
detail herein. 

Accordingly, there is a need for an improved method and system for supporting a 
workpiece. There is also a need for an improved method of heat-treating a workpiece 
which assists in addressing the difficulties discussed herein. 

SUMMARY OF THE INVENTION 

Annealing methods such as those referred to above, which involve rapidly heating the 
device side of the wafer to a substantially higher temperature than the bulk of the 
wafer, cause the device side to thermally expand at a greater rate than the rest of the 
wafer. The present inventors have discovered that, depending on the magnitude of the 
temperature difference between the device side temperature and the temperature of the 
bulk of the wafer, this may tend to cause '"thermal bowing", whereby the normally- 
planar wafer deforms itself into a dome-shape, with the center of the wafer tending to 
rapidly rise relative to its edge regions. The dome shape represents a minimum stress 
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configuration of the wafer, minimizing the thermal stress resulting from the 
temperature gradient between the device side and the bulk of the wafer. However, 
due to the extreme rapidity at which the device side of the wafer is heated (in the 
course of a 1-millisecond flash, for example, much faster than a typical thermal 
conduction time in the wafer), the deformation of the wafer may occur sufficiently 
rapidly that the edges of the wafer apply a large downward force onto the support pins 
that support the wafer in the chamber. As conventional support pins are typically 
rigid, the resulting reaction force between the pins and the edges of the wafer may 
damage the wafer. Such forces may also cause the wafer to launch itself vertically 
upward from the support pins, which may result in further damage to the wafer as the 
wafer falls back down and strikes the pins. Also, as conventional support pins are not 
designed to withstand such forces, they tend to break, with the result that the wafer 
falls in the chamber and is damaged or destroyed. In addition, due to the rapidity at 
which such thermal bowing occurs, the initial velocities imparted to the various 
regions of the wafer tend to cause the wafer to overshoot the equilibrium minimum 
stress dome shape and oscillate or vibrate, resulting in additional stress and potential 
damage to the wafer. 

The magnitude of such thermally-induced motion of the workpiece tends to increase 
in proportion to the magnitude of the temperature jump, i.e. the temperature 
difference between the intermediate temperature to which the wafer as a whole is 
heated, and the subsequent temperature to which only the device side is much more 
rapidly heated. Thus, the use of conventional support systems employing rigid fixed 
support pins or rings imposes undesirable limitations on the magnitude of the 
temperature jump that can be achieved without damaging or breaking the wafer. 

The present invention addresses the above needs by providing, in accordance with a 
first aspect of the invention, a method of supporting a workpiece. The method 
includes supporting the workpiece while allowing thermally-induced motion of the 
workpiece. Advantageously, by allowing the thermally-induced motion rather than 
attempting to prevent it, the workpiece is allowed to naturally deform into a stress- 
minimizing shape, thereby reducing stress in the workpiece. At the same time, by 
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continuing to support the workpiece while allowing such thermally-induced motion, 
the workpiece is maintained in a desired region. 

Supporting may include engaging a moveable engagement portion of a support 
member with the workpiece, the engagement portion being moveable to allow the 
thermally-induced motion of the workpiece while supporting the workpiece. 

In one important application of the invention, the workpiece includes a semiconductor 
wafer. Thus, engaging may include engaging the moveable engagement portion of 
the support member with a semiconductor wafer to allow thermally-induced motion 
of the wafer while supporting the wafer. . 

The method may include automatically allowing motion of the engagement portion in 
response to the thermally-induced motion of the workpiece. 

Allowing the thermally-induced motion may include allowing motion of the 
engagement portion to minimize stress in the workpiece while supporting the 
workpiece during the thermally-induced motion. 

Allowing the thermally-induced motion may include allowing motion of outer regions 
of the workpiece while maintaining a center of mass of the workpiece in a desired 
range. Maintaining may include minimizing motion of the center of mass of the 
workpiece. 

Allowing the thermally-induced motion of the workpiece may include allowing 
thermal bowing of the workpiece. Alternatively, this may include allowing thermal 
bending of the workpiece, for example. 

Engaging may include engaging with the workpiece, as the engagement portion, a 
portion of a rigid moveable support member. 

The support member may be flexible and may have a constrained portion and an 
unconstrained portion, in which case engaging may include engaging the 
unconstrained portion with the workpiece. 
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Engaging may include resiliently engaging the moveable engagement portion of the 
support member with the workpiece. Advantageously in such embodiments, when 
thermal bowing of the workpiece occurs, the outer edge of the workpiece may press 
down on the resiliently engaged moveable engagement portion, causing the 
5 engagement portion to move downward with the edge of the workpiece, and to 

resiliently rise back up with the outer edge of the workpiece as the workpiece returns 
toward its original shape. Such resilient support allows the workpiece to thermally 
bow, thereby reducing its internal stress, while reducing or eliminating the tendency 
of the wafer to launch itself upward from the engagement portion at the 
1 0 commencement of the bowing motion. 

Engaging may include engaging a plurality of moveable engagement portions of a 
plurality of respective support members with the workpiece. For example, engaging 
may include engaging at least three moveable engagement portions of at least three 
respective support members with the workpiece. Similarly, engaging may include 
15 engaging at least four moveable engagement portions of at least four respective 

support members with the workpiece. 

The method may further include suppressing vibration of the workpiece. Suppressing 
may include suppressing at least one natural vibration mode of the workpiece. This 
may include suppressing a second natural vibration mode of the workpiece, or may 
20 include suppressing a first natural vibration mode of the workpiece, for example. 

Suppressing may include absorbing kinetic energy from the workpiece. 

Engaging may include engaging a plurality of tips of a plurality of respective support 
pins with the workpiece. This may include engaging the tips of the support pins with 
an outer perimeter zone of the workpiece. In such a case, the method may further 
25 include automatically allowing motion of the tips of the support pins in response to 

thermally-induced motion of the outer perimeter zone of the workpiece. 

Engaging may include resiliently engaging each of the moveable engagement portions 
with the workpiece. This may include applying a force to each of the support 
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members to cause each engagement portion to tend to maintain contact with the 
workpiece during the thermally-induced motion of the workpiece. 

Applying a force may include applying a torque to each of the support members. 
Applying a torque may include applying an upward force at a location on each 
support member interposed between a pivot point of the support member and the 
engagement portion. Alternatively, applying a torque may include applying a 
downward force at a location on each support member such that a pivot point of the 
support member is interposed between the location and the engagement portion. 

Applying a force may include applying first and second forces to apply first and 
second opposing torques to each of the support members, the second torque acting to 
oppose overshoot by the support member of an equilibrium position thereof. 

Applying a force may include applying a spring force. This may include applying the 
force with a spring connected to each of the support members. For example, this may 
include applying a constant force with a constant force spring connected to each of the 
support members. 

Engaging may include engaging, with the workpiece, a plurality of tips of a plurality 
of respective support pins including material that is transparent to at least some 
irradiance wavelengths with which the workpiece is capable of being irradiance- 
heated. Thus, for example, engaging may include engaging, with the workpiece, a 
plurality of tips of a plurality of respective support pins including optically transparent 
material. 

Engaging may include engaging, with the workpiece, a plurality of tips of a plurality 
of respective support pins including quartz. Alternatively, the support pins may 
include sapphire, or may include metal. For example, the support pins may include 
tungsten. 

Engaging may include engaging, with the workpiece, a plurality of coated tips of a 
plurality of respective support pins with the workpiece. This may include, for 
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example, engaging a plurality of tungsten nitride coated tips of a plurality of 
respective tungsten support pins with the workpiece. Alternatively, the tips may be 
tungsten carbide coated, for example. 

Engaging may include engaging a plurality of smooth-surfaced tips of a plurality of 
respective support pins with the workpiece. Advantageously, such smooth-surfaced 
tips tend to reduce friction between the support pins and the workpiece. This in turn 
reduces the likelihood of scratching the workpiece, thereby avoiding particulate 
contamination, or undesirable roughening of the surface of the workpiece. Reducing 
friction may also assist in reducing stress in the workpiece. Such smooth-surfaced 
tips may include melted, polished, or coated tips, for example. 

The method may further include moving the moveable engagement portions in 
response to the thermally-induced motion of the workpiece. Moving the moveable 
engagement portions may include moving the support members. This may include, 
for each of the support members, applying an electric current to an actuator connected 
to the support member. Applying an electric current may include applying an electric 
current to a voice-coil actuator connected to the support member. Alternatively, this 
may include applying an electric current to a piezoelectric actuator or a linear servo 
actuator connected to the support member. 

The method may further include translating a linear motion of a moveable member of 
the actuator into an arcuate motion of the support member. 

Moving may include adjusting positions of the plurality of support members to 
minimize a difference between a weight of the workpiece and an upward force 
applied to the workpiece by the plurality of engagement portions of the plurality of 
support members. Advantageously, in such embodiments, the upward force supplied 
by the support member to the workpiece is approximately sufficient to balance the 
force of gravity acting downward on the workpiece, but is not appreciably greater. 
This further reduces the tendency of the workpiece to launch itself. 



WO 2004/057650 



PCT/CA2003/001959 



-9- 

Moving may include adjusting positions of the support members to maintain a 
difference between a weight of the workpiece and an upward force applied to the 
workpiece by the engagement portions of the support members within a desired range. 

Moving the engagement portions in response to the thermally-induced motion may 
include moving the support members in response to a predicted value of the 
thermally-induced motion. 

Alternatively, moving the engagement portions in response to the thermally-induced 
motion may include moving the support members in response to a detected parameter 
of the thermally-induced motion. 

Thus, the method may further include detecting the thermally-induced motion of the 
workpiece. Detecting may include detecting, in each of a plurality of actuators each 
of which is connected to a respective one of the plurality of support members, an 
electric current resulting from a force applied to the engagement portion of the 
support member by the motion of the workpiece. 

Moving the engagement portions may include applying an electric current to each of 
the actuators. 

Detecting the electric current may include detecting the current in each of a plurality 
of voice-coil actuators each of which is connected to a respective one of the support 
members, and moving the engagement portions may include applying electric currents 
to the voice-coil actuators. 

Detecting the electric current may include, for each actuator, detecting a deviation of 
the electric current from a desired electric current level, and moving the engagement 
portions may include, for each support member, adjusting a position of the support 
member to minimize the deviation. Detecting the deviation may include detecting the 
deviation at a processor circuit in communication with the actuator. 

Engaging may include engaging a first plurality of moveable engagement portions of 
a first plurality of respective support members with a lower surface of the workpiece 
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and engaging a second plurality of engagement portions of a second plurality of 
support members with an upper surface of the workpiece. This may include engaging 
the first and second pluralities of engagement portions with the lower and upper 
surfaces of the workpiece at an outer perimeter zone of the workpiece. 

5 Moving may include moving the engagement portions to minimize forces applied 

between the workpiece and the engagement portions. For example, moving may 
include moving a first plurality of engagement portions of a first plurality of 
respective support members engaged with a lower surface of the workpiece to 
minimize a difference between a weight of the workpiece and a force applied between 
10 the first plurality of engagement portions and the workpiece. Likewise, moving may 

include moving a second plurality of engagement portions of a second plurality of 
support members engaged with an upper surface of the workpiece to minimize a force 
applied between the workpiece and the second plurality of engagement portions. 

If desired, a combined passive / active support method may be employed. For 

15 example, engaging may include resiliently engaging the engagement portions of the 

support members with the workpiece, and moving may include moving the support 
members in response to the thermally-induced motion. Resiliently engaging may 
include applying torques to the support members about respective pivot points thereof 
to cause the engagement portions to tend to maintain contact with the workpiece, and 

20 moving may include moving the pivot points of the support members. Applying 

torques may include applying spring forces to the support members at locations other 
than the pivot points thereof, and moving may include applying electric currents to a 
plurality of actuators connected to the plurality of support members to move the 
support members. The plurality of support members may include a plurality of 

25 flexible support members, each having a constrained portion and an unconstrained 

portion. In such a case, resiliently engaging may include resiliently engaging the 
unconstrained portions of the flexible support members with the workpiece, and 
moving may include moving the constrained portions of the support members. 
Moving may include applying electric currents to a plurality of actuators connected to 

30 the plurality of constrained portions. 
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More generally, the plurality of support members may include a plurality of flexible 
support members each having an unconstrained portion and a constrained portion, and 
engaging the plurality of moveable engagement portions may include engaging the 
unconstrained portions of the flexible support members with the workpiece. 

The plurality of flexible support members may include a plurality of fibers, and 
engaging may include engaging the unconstrained portions of the fibers with the 
workpiece. For example, the flexible support members may include optical fibers 
such as quartz fibers or sapphire fibers. 

The method may further include constraining each of the constrained portions of the 
flexible support members. 

Constraining may include constraining the constrained portions in a plurality of 
constrainers disposed around an outer perimeter of the workpiece. 

The plurality of constrainers may consist of fewer constrainers than the number of the 
flexible support members, and constraining may include constraining more than one 
of the flexible support members in each of the constrainers. This may include, in each 
of the constrainers, constraining the more than one of the flexible support members 
generally parallel to each other. Alternatively, this may include constraining the more 
than one of the flexible support members generally divergent from each other. 

Alternatively, the plurality of constrainers may consist of the same number of 
constrainers as the number of the flexible support members, in which case 
constraining may include constraining each of the constrained portions in a respective 
corresponding one of the constrainers. 

Engaging may include applying a force to each of the constrainers to cause each of 
the unconstrained portions to tend to maintain contact with the workpiece during the 
thermally-induced motion of the workpiece. Applying a force may include applying a 
torque. This may include applying a spring force. 
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Engaging may include engaging each of the engagement portions with a lower surface 
of the workpiece at an angle of 10 to 80 degrees relative to a plane of the workpiece. 
More particularly, this may include an angle of 15 to 35 degrees relative to a plane of 
the workpiece. More particularly still, this may include an angle of 25 degrees 
relative to a plane of the workpiece. 

Each of the flexible support members may include the constrained portion at an end 
thereof, and constraining may include constraining the constrained portion to cause 
the unconstrained portion to extend inwardly toward a central region of the 
workpiece. 

An inner tip of the each of the unconstrained portions may extend inwardly past an 
outer edge of the workpiece, and engaging may include engaging, with the outer edge 
of the workpiece, an intermediate point along the unconstrained portion between the 
constrained portion and the inner tip. 

Constraining may include constraining the constrained portions in a workpiece plane 
plate surrounding the workpiece. Constraining may include clamping. 

Constraining each of the constrained portions may include affixing the constrained 
portion to the workpiece plane plate with the unconstrained portion extending 
inwardly toward the workpiece through a workpiece support aperture defined in the 
plate. 

Constraining may include constraining the constrained portions in a generally 
horizontal direction to cause the unconstrained portions to extend generally 
horizontally inwardly toward the central region of the workpiece while downwardly 
sagging. 

Engaging may include engaging the unconstrained portions with an outer edge of the 
workpiece. This may include engaging the unconstrained portions with the outer edge 
of the workpiece at an angle of less than about 10 degrees downward relative to a 
plane of the workpiece. 
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The plurality of flexible support members may include a plurality of elongated 
flexible support members. The plurality of elongated flexible support members may 
include at least twenty elongated flexible support members, and constraining may 
include constraining each of the at least twenty elongated flexible support members in 
the workpiece plane plate. Similarly, the plurality of elongated flexible support 
members may include at least fifty elongated flexible support members, and 
constraining may include constraining each of the at least fifty elongated flexible 
support members in the workpiece plane plate. 

Each of the flexible support members may include first and second constrained 
portions at opposite ends of the support member defining the unconstrained portion 
therebetween, and constraining may include constraining the first and second 
constrained portions in spaced apart relation to cause the unconstrained portion to 
extend in a curved path therebetween. 

Constraining may include constraining the first and second constrained portions to 
cause the unconstrained portion to extend along the curved path from the first 
constrained portion upwardly and inwardly toward the workpiece to a region of 
contact therewith and to extend from the region of contact downwardly and outwardly 
to the second constrained portion. 

Constraining may include constraining the first and second constrained portions to 
cause the unconstrained portion to extend along the curved path such that a tangent to 
the unconstrained portion at the region of contact is substantially parallel to a tangent 
to an outer circumference of the workpiece in the vicinity of the region of contact. 

Alternatively, constraining may include constraining the first and second constrained 
portions to cause the unconstrained portion to extend along the curved path such that a 
tangent to the unconstrained portion at the region of contact extends radially inward 
toward a center of the workpiece. 

As a further alternative, constraining may include constraining the first and second 
constrained portions to cause the unconstrained portion to extend along the curved 
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path to form a first generally loop-shaped path segment extending from the first 
constrained portion below a plane of the workpiece and contacting the workpiece at a 
lower surface thereof, a second generally loop-shaped path segment extending 
between an outer edge of the workpiece and an inner edge of a workpiece plane plate, 
and a third generally loop-shaped path segment extending above the plane of the 
workpiece and contacting the workpiece at an upper surface thereof, the curved path 
terminating at the second constrained portion. 

The method may further include retracting the second constrained portion to move the 
third generally loop-shaped path segment out of a volume defined above the upper 
surface of the workpiece. 

Constraining may include affixing the first and second constrained portions to prevent 
motion of the constrained portions. 

Constraining may include retractably constraining at least one of the first and second 
constrained portions. The method may further include retracting the at least one of 
the first and second constrained portions to effectively shorten the unconstrained 
portion. Conversely, the method may further include extending the at least one of the 
first and second constrained portions to effectively lengthen the unconstrained 
portion. 

The plurality of flexible support members may include first and second pluralities of 
flexible support members, and engaging the plurality of moveable engagement 
portions may include engaging the unconstrained portions of the first plurality of 
flexible support members with a lower surface of the workpiece and engaging the 
unconstrained portions of the second plurality of flexible support members with an 
upper surface of the workpiece. 

The method may further include laterally supporting the workpiece. Laterally 
supporting may include positioning a plurality of lateral support members at 
respective positions relative to an outer edge of the workpiece. Positioning may 
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include resiliency engaging the plurality of lateral support members with the outer 
edge of the workpiece. 

Positioning may include positioning a plurality of flexible fibers at the respective 
positions. This may include positioning the flexible fibers at an angle substantially 
normal to a plane of the workpiece. 

Engaging and laterally supporting may include engaging a vertical support 
engagement portion of a support member with a lower surface of the workpiece, and 
engaging a lateral support engagement portion of the support member with an outer 
edge of the workpiece. 

Engaging and laterally supporting may include engaging a plurality of vertical and 
lateral support engagement portions of a plurality of respective support members with 
the workpiece. Engaging and laterally supporting may include resiliency engaging 
the vertical and lateral support engagement portions with the workpiece. Engaging 
and laterally supporting may include engaging, as the vertical and lateral support 
engagement portions, flexible engagement portions. Engaging and laterally 
supporting may include engaging with the workpiece, as the vertical and lateral 
support engagement portions, first and second fibers. 

Positioning may include positioning a plurality of optical fibers. Similarly, 
positioning may include positioning a plurality of quartz fibers or sapphire fibers, for 
example. 

In accordance with another aspect of the invention, there is provided a method of 
heat-treating a workpiece. The method includes heating a surface of the workpiece 
relative to a bulk of the workpiece to cause the thermally-induced motion of the 
workpiece. Heating may include irradiating the surface of the workpiece. Irradiating 
may include irradiating the surface for a time period shorter than a thermal conduction 
time of the workpiece to heat the surface to a greater temperature than a temperature 
of the bulk of the workpiece. Irradiating may include irradiating the surface for a time 
period of less than about 1 millisecond, for example. 
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Irradiating may include irradiating the surface of the workpiece for a first time period 
less than the thermal conduction time of the workpiece, to heat the surface to an 
intermediate temperature greater than that of the bulk of the workpiece. Irradiating 
may then include irradiating the surface for a second time period less than the thermal 
conduction time of the workpiece, to heat the surface to the desired temperature 
greater than the intermediate temperature, wherein the second time period commences 
within an interval following the first time period sufficient to allow at least some 
thermal bowing of the workpiece. Advantageously, such a method tends to reduce the 
magnitude of the initial thermal bowing of the workpiece resulting from the irradiance 
during the first time period, and the subsequent irradiance during the second time 
period may assist in suppressing vibration of the workpiece. 

Irradiating may include imparting more radiant energy to the surface of the workpiece 
during the second time period than during the first time period. 

Irradiating may include commencing the second time period within several 
milliseconds following the end of the first time period. 

Irradiating may include continuously irradiating the surface of the workpiece for an 
interval shorter than a thermal conduction time of the workpiece and sufficiently long 
to allow at least some thermal bowing of the workpiece. Continuously irradiating 
may include varying an intensity of irradiance during the interval. Varying may 
include irradiating the surface with a greater intensity during a later portion of the 
interval than during an earlier portion of the interval. Advantageously, such a method 
tends to reduce the magnitude of the thermal bowing of the workpiece and suppress 
subsequent vibration of the workpiece. 

Irradiating may include irradiating the surface with a flash lamp. 

Advantageously, such heat-treating methods may serve to reduce thermal stress and 
suppress vibration in the workpiece, by taking advantage of the finding of the present 
inventors that, depending on the rapidity of the surface heating stage, the thermal 
bowing of the workpiece may significantly lag the temperature increase itself. For 
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example, in one particular case, where the irradiating for the first time period was 
achieved by way of a heating flash of approximately one millisecond in duration, a 
peak temperature of the irradiated surface occurred roughly simultaneously with the 
end of the flash (t = 1ms). However, at that time, the wafer had only just begun to 
thermally bow, and had therefore achieved only a relatively small percentage of its 
maximum thermal bowing amplitude. The maximum thermal bowing amplitude was 
not achieved until nearly four milliseconds later, at which time the wafer had overshot 
its equilibrium shape. A short time later, at approximately t = 6 ms, the wafer was 
still significantly bowed but was returning toward its flat position with significant 
return velocity. In accordance with one embodiment of the aforementioned aspect of 
the invention, the device side of the wafer is subjected to a second irradiance flash, 
timed so that the resulting thermal bowing from the second irradiance flash occurs 
while the wafer is already thermally bowed from the first flash and is returning toward 
its flat position. The stress in the wafer produced by the thermal bowing resulting 
from the second flash is diminished, because the wafer is already thermally bowed 
due to the first flash. The thermal bowing resulting from the second flash also acts in 
a direction opposite to the existing return velocity of the wafer as it attempts to return 
toward its flat position. Accordingly, the thermal bowing resulting from the second 
flash tends to suppress residual vibrations from the first flash. The combination of 
two such flash-heating stages in rapid succession allows higher peak temperatures to 
be achieved, while reducing residual vibrations in the wafer. The alternative use of 
continuous irradiance may also provide similar advantages. 

Such heat-treating methods may be employed in combination with the supporting 
methods and systems described herein, or maybe employed separately, if desired. 

In accordance with another aspect of the invention, there is provided an apparatus for 
supporting a workpiece. The apparatus includes a support system configured to 
support the workpiece while allowing thermally-induced motion of the workpiece. 
Numerous elements of exemplary support systems are described in the following 
detailed description of exemplary embodiments of the invention. 
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In accordance with another aspect of the invention, there is provided an apparatus for 
supporting a workpiece. The apparatus includes means for supporting the workpiece, 
and means for allowing thermally-induced motion of the workpiece while the 
workpiece is being supported. 

In accordance with another aspect of the invention, there is provided a computer- 
readable medium storing instruction codes for directing a processor circuit to control a 
workpiece support system to allow thermaUy-induced motion of a workpiece while 
the workpiece is being supported by the system. The instruction codes may include 
codes for directing the processor circuit to cause motion of a moveable engagement 
portion of a support member of the support system engaged with the workpiece, in 
response to the thermally-induced motion of the workpiece. 

In accordance with another aspect of the invention, there is provided a signal 
embodied in at least one of a communications medium or a carrier wave, the signal 
including code segments for directing a processor circuit to control a workpiece 
support system to allow thermally-induced motion of a workpiece while the 
workpiece is being supported by the system. The code segments may include code 
segments for directing the processor circuit to cause motion of a moveable 
engagement portion of a support member of the support system engaged with the 
workpiece, in response to the thermally-induced motion of the workpiece. 

In accordance with another aspect of the invention, there is provided a computer 
program including code means that when executed by a processor circuit control a 
workpiece support system to carry out the methods described herein. Similarly, in 
accordance with another aspect of the invention, there is provided a computer program 
on a carrier carrying code that when executed by a processor circuit controls the 
workpiece support system to carry out the methods described herein. 

Other aspects and features of the present invention will become apparent to those 
ordinarily skilled in the art upon review of the. following description of specific 
embodiments of the invention in conjunction with the accompanying figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

In drawings which illustrate embodiments of the invention, 

Figure 1 is an upper perspective view of a workpiece and an apparatus for 
supporting the workpiece, according to a first embodiment of the 
invention; 

Figure 2 is a lower perspective view of a spring drum and a support member of a 
supporting device of the apparatus shown in Figure 1; 

Figure 3 is a cross-section of the supporting device shown in Figures 1 and 2; 

Figure 4 is a cross-section of the workpiece shown in Figures 1-3 supported in a 
heat-treating chamber by a plurality of the supporting devices shown in 
Figures 1-3; 

Figure 5 is a partial side elevation view of a workpiece and an apparatus for 
supporting the workpiece according to a second embodiment of the 
invention; 

Figure 6 is a lower perspective view of an apparatus for supporting a workpiece 
according to a third embodiment of the invention, including a support 
member engageable with a workpiece and an actuator co-operating with 
the support member; 

Figure 7 is a simplified cross-section view of a voice coil actuator for co-operating 
with the support member shown in Figure 6; 

Figure 8 is a simplified side elevation view of an apparatus for supporting a 
workpiece according to a fourth embodiment of the invention, including 
a moving member of an actuator co-operating with a motion translator to 
impart an arcuate motion to the support member shown in Figure 6; 
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Figure9 is a simplified side elevation view of the moving member, motion 
translator and support member shown in Figure 8, shown in a second 
position; 

Figures 10-12 are simplified partial side elevation views of an apparatus for supporting 
a workpiece, according to a fifth embodiment of the invention; 

Figures 13-14 are simplified partial side elevation views of an apparatus for supporting 
a workpiece, according to a sixth embodiment of the invention; 

Figure 15 is a side elevation view of a supporting device of an apparatus for 
supporting a workpiece, according to a seventh embodiment of the 
invention; 

Figure 16 is a partial bottom elevation view of a supporting device of an apparatus 
for supporting a workpiece, according to an eighth embodiment of the 
invention; 

Figure 17 is a partial bottom elevation view of a supporting device of an apparatus 
for supporting a workpiece, according to a ninth embodiment of the 
invention; 

Figure 18 is a partial bottom elevation view of a supporting device of an apparatus 
for supporting a workpiece, according to a tenth embodiment of the 
invention; 

Figure 19 is a side elevation view of the supporting device shown in Figure 16; 

Figure 20 is a partial side elevation view of a supporting device of an apparatus for 
supporting a workpiece, according to an eleventh embodiment of the 
invention; 

Figure 21 is a perspective view of a workpiece and a supporting device of an 
apparatus for supporting the workpiece, according to a twelfth 
embodiment of the invention; 
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Figure 22 
Figure 23 



is a cross-section of the supporting device shown in Figure 21; 



is 



a perspective view of a workpiece and a support system of an 
apparatus for supporting the workpiece, according to a thirteenth 
embodiment of the invention; 



5 Figure 24 is a partial bottom elevation view of a supporting device of the support 

system shown in Figure 23; 

Figure 25 is a top elevation view of a workpiece and a support system for 
supporting the workpiece, according to a fourteenth embodiment of the 
invention; 

10 Figure 26 is a top perspective view of the workpiece and support system shown in 

Figure 25; 

Figure 27 is a cross-section of the workpiece and support system shown in Figure 
25; 

Figure 28 is a detail of the cross-section of the workpiece and the support system 
1 5 shown in Figure 27; 

Figure 29 is a bottom elevation view of the workpiece and the support system 
shown in Figure 25; 

Figure 30 is a rear elevation view of a support member clamp of the support system 
shown in Figures 25-29; 

20 Figure 31 is a partial cross-section of a support system of an apparatus for 

supporting a workpiece according to a fifteenth embodiment of the 
invention; 

Figure 32 is a partial cross-section of a support system of an apparatus for 
supporting a workpiece according to a sixteenth embodiment of the 
25 invention; 
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Figure 33 is a front elevation view of a lateral supporting device of the support 
system shown in Figure 32, in a direction radially outward from a center 
of a workpiece plane plate aperture; 

Figure 34 is a partial cross-section of a supporting device of an apparatus for 
5 supporting a workpiece according to a seventeenth embodiment of the 

invention; 

Figure 35 is a partial cross-section of a support system of an apparatus for 
supporting a workpiece according to an eighteenth embodiment of the 
invention; 

10 Figure 36 is a cross-section of the workpiece shown in Figures 1-3 supported in a 

heat-treating chamber by a plurality of the supporting devices shown in 
Figures 1-3, the chamber being modified in accordance with a nineteenth 
embodiment of the invention; 

Figure 37 is a side elevation view of a support member of an apparatus for 
15 supporting a workpiece, according to a twentieth embodiment of the 

invention; and 

Figure 38 is a partial side elevation view of a supporting device of an apparatus for 
supporting the workpiece, according to a twenty-first embodiment of the 
invention. 

20 



DETAILED DESCRIPTION 

Referring to Figures 1-4, an apparatus for supporting a workpiece according to a first 
embodiment of the invention is shown generally in Figure 1. In the present 
embodiment, the apparatus includes a support system 20 configured to support a 
25 workpiece 24 while allowing thermally-induced motion of fee workpiece. 
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In this embodiment, the support system 20 includes a supporting device shown 
generally at 21. More particularly, in this embodiment the supporting device 21 
includes a support member 22 engageable with the workpiece 24. More particularly 
still, in the present embodiment the support member 22 has a moveable engagement 
portion 52 shown in Figure 3, which is engageable with the workpiece 24 and which 
is moveable to allow the thermally-induced motion of the workpiece while supporting 
the workpiece. 

In the present embodiment, the moveable engagement portion 52 of the support 
member 22 includes a tip of the support member. In this embodiment, the support 
member 22 is rigid, and the moveable engagement portion 52 is moveable by virtue of 
the support member 22 being pivotally moveable, as described in greater detail below. 
Alternatively, however, the moveable engagement portion 52 may be moveable in 
other ways, such as those described in connection with the further embodiments 
described herein, for example. 

In this embodiment, the workpiece 24 includes a semiconductor wafer, and the 
moveable engagement portion 52 is engageable with the semiconductor wafer to 
allow the thermally-induced motion of the wafer while supporting the wafer. More 
particularly, in this embodiment the semiconductor wafer has a top-side or device side 
26, and a back-side or substrate side 28. 

In the present embodiment the support system 20 includes a plurality of moveable 
engagement portions 52 of a plurality of respective support members 22. More 
particularly, in this embodiment, the workpiece 24, i.e. the semiconductor wafer, is 
supported within a workpiece plane plate 30 by the supporting device 21 and by a 
plurality of similar supporting devices (not shown in Figure 1), such as those shown at 
32 and 34 in Figure 4 for example. Preferably, the plurality of moveable engagement 
portions includes at least three moveable engagement portions of at least three 
respective support members, to provide stable support of the workpiece. Even more 
preferably, the plurality of engagement portions includes at least four moveable 
engagement portions of at least four respective support members, so that stable 
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support of the workpiece may be maintained even if one of the support members 
breaks or otherwise fails to function properly. 

At the same time, however, although larger numbers of support members add 
stability, it is desirable to minimize the total mass of the moveable engagement 
portions. In this regard, in the present embodiment, in which the workpiece includes a 
semiconductor wafer to be subjected to thermal processing employing a high-intensity 
irradiance flash, the support system is designed to allow the wafer to move freely and 
thus reduce wafer stress during the flash while secondarily dampening vibrations after 
the flash. To achieve this, it is desirable to minimize the reaction force from the 
support members on the wafer. In the present embodiment, this is achieved by 
employing moveable engagement portions with minimized mass, while in other 
embodiments, reaction forces may be minimized in other ways, such as by actively 
moving the supports, for example. 

In this embodiment, each support member 22 includes a support pin. Thus, in this 
embodiment the plurality of moveable engagement portions 52 of the plurality of 
support members 22 comprises a plurality of tips of a plurality of respective support 
pins. 

In the present embodiment, the plurality of support pins include material that is 
transparent to at least some irradiance wavelengths with which the workpiece 24 is 
capable of being irradiance-heated. Thus, in this embodiment, the plurality of support 
pins include optically transparent material. More particularly, in the present 
embodiment the support pins include quartz support pins. In this regard, quartz is a 
particularly suitable material for the support pins of the present embodiment (in which 
the workpiece is a semiconductor wafer to be heated by irradiance), due to its low 
thermal conductivity, its transparency, its non-contaminating nature, its good thermal 
stability, and its rigidity. Alternatively, other materials may be suitable for similar 
applications, and thus the support pins may alternatively include sapphire, silicon 
nitrite, or silicon carbide, for example. Alternatively, other materials may be 
substituted, depending on the requirements of the application at hand. 
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In this embodiment, each of the moveable engagement portions 52 of the support 
members 22 is resiliency engageable with the workpiece 24. To achieve this, in this 
embodiment the support system 20 further includes a plurality of force applicators in 
communication with the plurality of support members 22 to apply forces thereto to 
cause each of the engagement portions 52 to tend to maintain contact with the 
workpiece 24 during the thermally-induced motion of the workpiece. More 
particularly, as discussed in greater detail below, each of the force applicators 
includes a spring 48 connected to a respective one of the support members 22. 

To achieve this, in the present embodiment, the workpiece plane plate 30 is connected 
to a support member housing 36 of the supporting device 21, to which the support 
member 22 is pivotally connected. The workpiece plane plate 30 is also connected to 
a spring assembly 38, which includes the spring 48 to which the support member 22 is 
connected. 

Referring to Figure 3, the supporting device 21 is shown in greater detail. In this 
embodiment, the support member 22 is pivotally connected to the support member 
housing 36. To achieve this, a pivot pin 40, which in this embodiment includes a 
stainless steel dowell pin, is connected to opposite internal walls of the support 
member housing 36, and extends through a hole formed in one end of the support 
member 22. 

In the present embodiment, the spring assembly 38 includes a spring drum 42, which 
in this embodiment includes teflon. Alternatively, other materials, such as stainless 
steel for example, may be substituted. The spring drum 42 is housed within a spring 
drum housing 44, and is mounted to the workpiece plane plate 30 by a spring holder 
bracket 46. The spring drum 42 is used to mount the spring 48, which in this 
embodiment includes a constant force spring. 

In this embodiment, the force applicator, or more particularly, the spring 48 connected 
to the support member 22, acts as a torque applicator. To achieve this, in the present 
embodiment the spring 48 is connected to a link 50, which in this embodiment is 
composed of stainless steel. The link 50 is pivotally connected to the support member 
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22, at a location on the support member interposed between a pivot point (at the 
location of the pivot pin 40) of the support member 22 and the engagement portion 52 
at which the support member 22 contacts the workpiece 24. Thus, the torque 
applicator, or more particularly the spring 48, applies an upward force at the location 
5 at which the link 50 is connected to the support member 22. The constant force 

supplied by the spring 48, and the forces supplied by the constant force springs of the 
other supporting devices similar to the supporting device 21, are selected so that the 
cumulative constant upward force applied by the supporting members to the 
workpiece balances the downward force of gravity on the workpiece. 

10 In the present embodiment, the moveable engagement portions 52 of the support 

members 22, which in this embodiment include the tips of the support pins, contact 
the lower side or substrate side 28 of the workpiece 24 to support the workpiece. 
More particularly, in this embodiment the tips of the support pins are engageable with 
an outer perimeter zone of the workpiece, or more particularly, with an outer 

15 "exclusion zone" or waste region, that is not used to manufacture semiconductor 

chips. In this embodiment, the workpiece 24 is a 150 mm radius silicon 
semiconductor wafer, and the outer exclusion zone extends 3 mm radially inward 
from the outer edge of the workpiece (i.e., r = 147 mm to r = 150 mm). Thus, to the 
extent that the physical contact between the moveable engagement portion 52 of the 

20 support member 22 and the substrate side 28 of the workpiece may cause potentially 

deleterious effects such as highly localized temperature gradients during thermal 
processing, such localized gradients are unlikely to damage devices formed on the 
device side 26. 

Referring to Figure 4, in this embodiment the supporting device 21, and the other 
25 similar supporting devices (such as the exemplary supporting devices 32 and 34), are 

used to support the workpiece 24 within a heat-treating chamber 60. More 
particularly, in this embodiment the chamber 60 is similar to a heat-treating chamber 
disclosed in the aforementioned U.S. Patent Application Publication No. US 
2002/0102098, for thermal annealing of the device side 26 of the workpiece 24. In 
30 this embodiment, the workpiece plane plate 30, including the supporting device 21 
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and the similar supporting devices 32 and 34, are mounted in a middle region of the 
chamber 60. 

In this embodiment, the heat-treating chamber 60 includes a heating system 
configured to heat a surface of the workpiece 24 relative to a bulk of the workpiece to 
cause the thermally-induced motion of the workpiece. More particularly, in the 
present embodiment the heating system includes an irradiance system configured to 
irradiate the surface of the workpiece. In this embodiment the irradiance system 
includes a pre-heating device 62 and a heating device 64. 

The pre-heating device 62, which may include an arc lamp or an array of arc lamps 
for example, irradiates the workpiece through a water-cooled quartz window 63, to 
pre-heat the workpiece to an intermediate temperature at a rate that is slower than a 
thermal conduction time through the workpiece, so that the entire workpiece is heated 
relatively uniformly to the intermediate temperature. For example, the pre-heating 
device may pre-heat the workpiece at a rate of 250 °C/sec to 400 °C/sec, to an 
intermediate temperature of 600 °C to 1250 °C, although these are merely illustrative 
examples. 

Following the pre-heating stage, the irradiance system, or more particularly, the 
heating device 64, is configured to irradiate the surface (in this case the device side 
26) for a time period shorter than a thermal conduction time of the workpiece 24, to 
heat the surface to a greater temperature than the bulk of the workpiece. In other 
words, the heating device 64 is used to rapidly heat the device side 26 of the 
workpiece to a substantially higher annealing temperature, at a rate much faster than a 
thermal conduction time through the wafer, so that only the top-side surface region of 
the workpiece is heated to the final annealing temperature, while the bulk of the 
workpiece remains close to the relatively cooler intermediate temperature. The final 
annealing temperature may include a higher temperature in the range of 1050 °C to a 
temperature close to the melting point of silicon, such as 1410 °C, for example. 

To achieve this, in the present embodiment the irradiance system, or more particularly 
the heating device 64 thereof, includes a flash-lamp operable to irradiate the device 
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side 26 through a second water-cooled quartz window 65 with a high-power flash 
having a relatively short duration, preferably on the order of about one millisecond or 
less, for example, to heat the device side 26 at a heating rate in excess of 10 5 °C/sec. 
More particularly, in this embodiment the flash lamp includes a liquid-cooled arc 
5 lamp. More particularly still, the flash lamp includes a double water-wall arc lamp 

similar to that disclosed in commonly-owned U.S. Patent No. 6,621,199 to Parfeniuk 
et al, configured to act as a flash lamp, as described in the aforementioned U.S. 
Patent Application No. US 2002/0102098. As the one-millisecond flash produced by 
the flash lamp incident on the device side 26 occurs much faster than the thermal 

10 conduction time of the workpiece (typically 10 - 15 ms), the device side 26 is heated 

to the final annealing temperature, while the bulk of the workpiece remains 
substantially at the intermediate temperature. The cooler bulk of the wafer then acts 
as a heat sink to facilitate rapid cooling of the device side surface. Alternatively, 
other types of heating devices, such as an array of flash lamps for example, may be 

15 substituted. 

Depending on the brevity of the duration of the flash, and the difference between the 
intermediate temperature of the bulk of the workpiece and the final annealing 
temperature to which only the device side 26 is heated, the workpiece 24 may 
experience rapid thermal bowing, as described earlier herein. Advantageously, in the 

20 present embodiment the support system 20 is configured to support the workpiece 24 

while allowing thermal bowing of the workpiece, or more particularly, to 
automatically allow motion of the tips of the support pins in response to the 
thermally-induced motion of the outer perimeter zone of the workpiece. Therefore, in 
contrast with conventional systems in which the initial downward thermal bowing 

25 motion of the edge of the wafer may tend to either break the support pins or launch 

the wafer vertically upward from the support pins, in the present embodiment, if the 
workpiece 24 thermally bows in response to a heating flash produced by the heating 
device 64, the moveable engagement portions 52 of the support members 22 are 
automatically moveable in response to such thermally-induced motion, by virtue of 

30 the springs 48 to which the support members 22 are connected. Thus, if rapid thermal 



WO 2004/057650 



PCT/CA2003/001959 



-29- 

bowing occurs, the outer edges of the workpiece and the support members (i.e. the 
support member 22 of the supporting device 21 and similar support members of 
similar supporting devices) are allowed to move downward, thereby preventing 
breakage of the support members due to the reduced reaction force between the 

5 support members and the workpiece, and also preventing the workpiece from 

launching itself upward. In the latter regard, the resilient downward moveability of 
the moveable engagement portions 52 allows downward motion of the outer regions 
of the workpiece while maintaining a center of mass of the workpiece in a desired 
range, or more particularly, while minimizing motion of the center of mass of the 

10 workpiece. (Alternatively, other ranges of motion of the center of mass may be 

tolerable or desired for certain applications.) In addition, as the initial deformation of 
the workpiece into a dome shape minimizes stress in the workpiece, the moveability 
of the engagement portions to allow such thermally-induced motion and deformation 
serves to minimize stress in the workpiece while at the same time supporting the 

15 workpiece during the thermally-induced motion. As noted earlier herein, the thermal 

bowing tends to occur sufficiently rapidly that the workpiece overshoots its 
equilibrium shape, and then tends to vibrate or oscillate about the equilibrium shape. 
Thus, as the outer edges of the workpiece begin to move back upward and the center 
of the workpiece begins to travel back downward, the upward force applied by the 

20 constant force spring 48 to the support member 22 pulls the support member back up, 

tending to maintain contact with the outer edge of the workpiece. As the workpiece 
continues to vibrate, the outer edges of the workpiece are allowed to move up and 
down, while tending to maintain contact with the support member 22 (and similar 
support members), until the vibration subsides. Thus, the spring-driven upward and 

25 downward movement of the support members 22 allows upward and downward 

motion of the outer regions of the workpiece while minimizing the motion of the 
center of mass of the workpiece and minimizing stress in the workpiece. 

Referring to Figure 5, a supporting device according to a second embodiment of the 
invention is shown generally at 80. In this, embodiment, the supporting device 80 
30 includes a support member 82, similar to the support member 22 discussed earlier 
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herein. In this embodiment, the support member 82 is mounted to a support member 
housing (not shown) at a pivot point 84, for pivotal motion thereabout. As in the 
previous embodiment, the supporting device 80 includes a force applicator, or more 
particularly a torque applicator comprising a spring 86, in communication with the 
support member 82 to apply a force to the support member to cause an engagement 
portion 88 to tend to maintain contact with the workpiece during thermally-induced 
motion thereof. In the present embodiment, however, the torque applicator is 
configured to apply a downward force at a location on the support member 82 such 
that the pivot point 84 of the support member 82 is interposed between the location 
and the engagement portion 88. More particularly, in this embodiment the pivot point 
84 is interposed between a point at which the support member 82 is connected to the 
spring 86, and a point of contact between the engagement portion 88 of the support 
member and the workpiece 24. Therefore, unlike the configuration shown in Figure 
3, in the present embodiment the spring 86 (which in this embodiment includes a 
constant force spring) applies a downward force on one end of the support member 
82, so as to provide a torque that counter-balances a torque applied by the weight of 
the workpiece 24 on the engagement portion 88 of the support member 82. 

Referring to Figure 6, a system for supporting a workpiece according to a third 
embodiment of the invention is shown generally at 100. The system 100 includes a 
supporting device 102 configured to support the workpiece 24 while allowing thermal 
bowing or other thermally-induced motion of the workpiece. 

In this embodiment, the supporting device 102 includes a support member 104 having 
a moveable engagement portion engageable with the workpiece 24. In the present 
embodiment, the moveable engagement portion includes a tip of the support member 
104. The support member 104 is rigid, and the moveable engagement portion is 
moveable by virtue of the support member 104 as a whole being moveable, as 
described below. 

In the present embodiment the support member 104 is engageable with the exclusion 
zone at the outer perimeter of the substrate side 28 of the workpiece. The support 
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member 104 includes a quartz pin, for reasons similar to those discussed in 
connection with the first embodiment of the invention. Alternatively, other materials 
may be substituted. 

In this embodiment, the system 100 further includes a plurality of support members 
5 similar to the support member 104, such as a support member 108, for example. 

Preferably, the system 100 includes at least three such support members, for stably 
supporting the workpiece. Ideally, four or more support members are provided, so 
that stable support of the workpiece may be maintained even if one of the support 
members breaks or otherwise fails to function properly. 

In this embodiment, the system 100 includes a support member motion system 
configured to move the moveable engagement portions of the plurality of support 
members 104 in response to the thermally-induced motion of the workpiece 24. More 
particularly, in this embodiment, in which the support members 104 are rigid, the 
system is configured to move the engagement portions by moving the support 
members 104 themselves. More particularly still, in this embodiment the support 
member motion system includes, for each of the support members 104, a respective 
actuator 106 connected to the support member 104, for controlling motion of the 
support member 104. 

Thus, in this embodiment the system 100 includes a plurality of actuators (not shown) 
20 similar to the actuator 106, for actuating the respective support members. Each 

actuator 106 is mounted to an upper surface of the workpiece plane plate 30, by way 
of a mounting bracket such as that shown at 110 in Figure 6. The support member 
104 extends through a hole 112 defined through the workpiece plane plate 30, into the 
actuator 106. 

25 Referring to Figures 6 and 7, an exemplary actuator 106 is shown in greater detail in 

Figure 7. In this embodiment, the actuator 106 includes a voice coil actuator, which is 
connected to the support member 104. More particularly, in this embodiment the 
actuator 106 includes a fixed member 120 mounted to the bracket 110, and a moving 
member 122 that moves relative to the fixed member. The fixed member 120 



10 
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produces a magnetic field through the moving member 122. To achieve this, in the 
present embodiment the fixed member 120 includes a permanent magnet 124 and a 
ferromagnetic member 126. In this embodiment, the moving member 122 includes an 
electric wire coil 128. The actuator 106 further includes a power supply unit 130 
operable to apply a voltage between opposite ends of the electric wire coil 128, 
thereby producing an electric current in the coil. It will be appreciated that as a result 
of the electric current produced in the coil of the moving member 122, the magnetic 
field produced by the fixed member 120 exerts a force on the moving member 122, in 
a direction dependent upon the direction of the current. The magnitude of the exerted 
force is directly proportional to the magnitude of the current in the coil 128. 

In the present embodiment, the moving member 122 of the actuator 106 is connected 
to the support member 104. Thus, the magnitude of the upward supporting force 
exerted by the support member 104 upon the outer edge of the substrate side 28 of the 
workpiece 24 may be controlled by controlling the electric current in the coil 128 of 
the actuator 106. 

In this embodiment, the support member motion system includes at least one 
controller configured to apply an electric current to each of the actuators to move each 
of the support members, thereby moving the moveable engagement portions thereof. 
More particularly, in this embodiment the at least one controller includes a plurality of 
controllers, each in communication with a respective one of the plurality of actuators 
106. More particularly still, in this embodiment each controller includes a combined 
detector/controller 132, which also acts as a detector for detecting the thermally- 
induced motion of the workpiece. In this embodiment, the detector/controller 132 is 
in communication with the power supply unit 130 and the coil 128 of the actuator 
106. Thus, in the present embodiment the detector/controller detects the thermally- 
induced motion of the workpiece by detecting an electric current in the coil 128, and 
conversely, the controller moves the support member 104 by controlling the power 
supply unit 130 to apply an electric current to the coil 128. 
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In the present embodiment each detector/controller 132 includes a processor circuit. 
More particularly, in this embodiment each detector/controller includes a digital signal 
processor (DSP). Alternatively, the detector/controller 132 may include a 
microcontroller or a similar device, with or without a central processing unit (CPU), for 
example. Alternatively, other types of detectors or controllers may be substituted, and 
the detecting and controlling functions may be performed by either the same or by 
different components. More generally, in this specification, including the claims, the 
terms "controller", "detector" and "processor circuit" are intended to broadly encompass 
any type of device or combination of devices capable of performing the functions 
described herein or equivalent functions, including (without limitation) other types of 
microprocessors, microcontrollers, other integrated circuits, other types of circuits or 
combinations of circuits, logic gates or gate arrays, or programmable devices of any sort, 
for example, either alone or in combination with other such devices located at the same 
location or remotely from each other, for example. Additional types of controllers, 
detectors and processor circuits will be apparent to those ordinarily skilled in the art 
upon review of this specification, and substitution of any such other types of controllers, 
detectors or processor circuits is considered not to depart from the scope of the present 
invention as defined by the claims appended hereto. 

In the present embodiment, the detector/controller 132 includes a program memory 
134, which acts as a computer-readable medium for storing instruction codes for 
directing the detector/controller 132 to perform the various functions described 
herein. It will be appreciated that the program memory 132 is merely one example of 
such a computer readable medium. Alternatively, such instruction codes may be 
provided on a different medium such as a compact disc, a floppy diskette, a hard disk 
drive, a read-only memory, or a FLASH memory, to name but a few examples. 
Alternatively, rather than relying upon a local memory to provide such instruction 
codes in the form of computer data signals, such instruction codes may be provided as 
code segments of signals embodied in carrier waves or embodied in a 
communications or transmission medium, such as a local area network or a wide area 
network such as the Internet, for example, and may be received from remote devices. 
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Refening to Figures 4, 6 and 7, a plurality of supporting devices similar to the 
supporting device 102 shown in Figure 6 may be substituted for the supporting 
devices 21, 32 and 34 within the heat-treating chamber 60 shown in Figure 4. 
Generally, in this embodiment, the support member motion system is configured to 
move the engagement portions of the support members 104 to minimize forces 
applied , between the workpiece 24 and the engagement portions, as discussed in 
greater detail below. 

During the pre-heating stage, during which the substrate side 28 of the workpiece 24 
is being irradiated by the pre-heating device 62 to heat the workpiece to the desired 
intermediate temperature, the detector/controller 132 controls the power supply unit 
130 to control the voltage applied to the leads of the coil 128, to cause a constant 
current having a desired magnitude to flow in the coil 128, thereby applying a 
corresponding constant upward force on the moving member 122 and thus on the 
support member 104, which in turn applies the upward force to the outer edge of the 
substrate side 28 of the workpiece 24. The desired magnitude of the current is 
selected so that the constant upward forces applied to the workpiece by the support 
member 104, and by the similar support members of the other supporting devices, 
precisely balance the downward force of gravity acting on the workpiece 24. 

Then, during the subsequent heating stage, in which the device side 26 of the 
workpiece is exposed to a high-power flash of irradiance from the heating device 64 
to heat the device side to the higher desired temperature while the bulk of the 
workpiece remains at the cooler intermediate temperature, the workpiece 24 may 
again experience rapid thermal bowing, as described earlier herein (depending on the 
brevity of the duration of the flash, and the magnitude of the difference between the 
intermediate temperature of the bulk of the workpiece and the final annealing 
temperature to which only the device side 26 is heated). Assuming that such rapid 
thermal bowing occurs, as the workpiece initially begins to rapidly deform, the outer 
edge of the workpiece 24 will abruptly apply a significant downward force on the 
engagement portion of the support member 104 (and on the engagement portions of 
the similar support members of the other supporting devices). It will be appreciated 
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that this sudden downward force induces a corresponding sudden increase in the 
electric current in the coil 128. Thus, to detect the thermally-induced motion of the 
workpiece 24 in the present embodiment, each of the detector/controllers 132 is 
configured to detect, in its respective actuator 106, an electric current resulting from a 
5 force applied to the engagement portion of the respective support member 104 by the * 

thermally-induced motion of the workpiece. More particularly, the detector/controller 
132 is configured to detect a deviation of the electric current in the coil 128 from a 
desired current level, the desired current level representing the above-noted constant 
current having the desired magnitude in order to precisely balance the gravitational 
1 0 force exerted on the support member by the workpiece. 

Upon detecting the thermally-induced motion in the above manner, the 
detector/controllers 132 are configured to adjust positions of their respective support 
members 104 to maintain a difference between a weight of the workpiece 24 and an 
upward force applied to the workpiece by the engagement portions of the support 

15 members within a desired range. More particularly, each of the detector/controllers 

132 is configured to minimize this difference. To achieve this, in the present 
embodiment, upon detecting the above-described deviation in the current level in the 
coil 128 resulting from the thermally-induced motion, the detector/controller 132 is 
configured to control the actuator 106 to adjust a position of the support member 104 

20 to minimize the deviation. To achieve this, the detector/controller 132 controls the 

power supply unit 130 to adjust the voltage applied to the leads of the coil 128, to 
cause the actual current in the coil to return to the desired magnitude, thereby 
reducing the upward force applied by the support member 104 to the workpiece 24, so 
that the support member 104 continues to counter-balance only the downward force of 

25 gravity on the workpiece, and does not counter-balance the additional downward 

force applied by the initial thermal deformation or bowing of the workpiece. 
Effectively, therefore, the support member 104 will be lowered, to allow the outer 
edge of the workpiece 24 to move abruptly downward as it initially bows. As noted 
earlier herein, the thermal bowing tends to occur sufficiently rapidly that the 

30 workpiece overshoots its equilibrium shape, and then tends to vibrate or oscillate 
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about the equilibrium shape. Thus, as the outer edges of the workpiece begin to move 
back upward and the center of the workpiece begins to travel back downward, the 
detector/controller 132 continues to apply the desired magnitude of current to the 
support member 104 (corresponding to an upward force that precisely balances the 
weight of the workpiece on the support member), but due to the upward thermal 
bowing motion of the edge of the workpiece, this upward force is no longer folly 
counter-balanced by the downward force applied by the workpiece to the support 
member, with the result that the support member 104 rises with the edge of the 
workpiece. Similarly, as the next cycle of the vibratory motion of the workpiece 
commences and the edge of the workpiece begins to move downward again, the 
downward force applied by the edge of the workpiece to the support member 104 
once again exceeds the upward force applied by the support member 104, inducing a 
change in the current in the coil 128, and the detector/controller 132 quickly controls 
the power supply unit 130 to adjust the actual current in the coil so that the upward 
force applied by the support member 104 to the workpiece counter-balances only the 
force of gravity, thereby allowing the support member 104 to lower under the added 
force applied by the downward thermal bowing motion of the edge of the workpiece. 
As the workpiece continues to vibrate, the outer edges of the workpiece are allowed to 
move up and down, while tending to maintain contact with the support member 104 
(and similar support members), until the vibration subsides. 

Alternatively, the actuator 106 may include different types of actuators. For example, 
the actuator 106 may include a linear servo actuator. Or, as a further alternative, the 
actuator 106 may include a piezoelectric actuator. In this regard, piezoelectric 
actuators may be advantageous due to their fast response times (typically at least as 
fast as 10" 5 sec), precise movements, and significant available forces. However, most 
existing piezoelectric actuators are limited in their available ranges of motion, and for 
this reason may not be suitable for some applications. 

Alternatively, other types of actuators may be substituted for the actuator 106. 
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In the foregoing embodiment, the support member motion system is configured to 
move the support members in response to a detected parameter of the thermally- 
induced motion of the workpiece, namely, the detected change in electric current in 
the coil 128 produced by the change in the force applied to the support member 104 
5 by the workpiece resulting from the thermally-induced motion. Alternatively, if 

desired, the motion system may be configured to move the support members in 
response to a predicted value of the thermally-induced motion. Such predicted values 
may be obtained empirically through observation of thermal processing of similar 
workpieces, for example. Similarly, it will be appreciated that rather than employing a 
10 separate detector/controller 132 for each of the actuators 106, if desired, a single 

detector/controller 132 may be employed for detection and control purposes for some 
or all of the actuators 106. 

Referring back to Figure 6, the moving member 122 of the actuator 106 need not be 
connected directly to the support member 104. For example, the actuator 106 may be 

15 connected to the support member 104 indirectly. In this regard, it will be appreciated 

that the thermal bowing motion of the outer edge of the workpiece 24 does not trace a 
vertical line, but rather, is more akin to an arc. Accordingly, the motion of the edge of 
the workpiece also has a horizontal component. For example, for some applications, 
taking into account the downward motion of the outer edge of the workpiece and the 

20 upward motion of the center of the workpiece, the outer edge of the workpiece may be 

expected to travel horizontally inward by a distance on the order of one millimeter. 
Therefore, if the support member 104 is horizontally fixed, then effectively the point 
at which the tip of the support member contacts the outer edge region of the 
workpiece would slide further outward toward the edge of the workpiece. This 

25 inward horizontal travel distance is typically smaller than the radial width of the outer 

exclusion zone of the workpiece, and therefore, by initially positioning the support 
member 104 further inward within the exclusion zone than the expected horizontal 
inward travel of the workpiece during bowing, contact between the workpiece and the 
support members may be maintained, without the edge of the workpiece travelling 

30 further inward than the tips of the support members and falling through the space 
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between the support members. Nevertheless, such sliding of the outer exclusion zone 
of the workpiece across the tips of the support members may be undesirable for some 
applications. For example, such sliding may scratch the lower surface of the 
workpiece, thereby producing particulate contamination, and also undesirably 
roughening the lower surface of the workpiece. 

Accordingly, if desired, rather than connecting the support member 104 directly to the 
moving member 122 of the actuator 106, the moving member may be connected to 
the support member 104 via a motion translation device, for translating the vertical 
motion of the moving member into a motion of the support member 104 having both a 
vertical and a horizontal component. 

For example, referring to Figures 8 and 9, an actuator according to a fourth 
embodiment of the invention is shown generally at 200. The actuator 200 is similar to 
the actuator 106 shown in Figure 7, and includes the moving member 122 and the 
fixed member 120. However, in this embodiment the moving member 122 is not 
directly connected to the support member 104, but rather, is connected to a motion 
translator 202. In this embodiment, the motion translator 202 is configured to 
translate a linear motion of a moveable member of the actuator 106, or more 
particularly a linear motion of the moving member 122, into an arcuate motion of the 
support member 104. To achieve this, in the present embodiment the motion 
translator 202 includes a first connector arm 208, to which the moving member 122 of 
the actuator 200 is rigidly connected. The motion translator further includes a second 
connector arm 210, to which the first connector arm 208 is pivotally connected. The 
second connector arm 210 is pivotally connected to a first rigid bar 214, at a first 
freely-movable pivot point 212. The first rigid bar 214 rigidly extends between a 
second freely-movable pivot point 215 and a first fixed pivot point 216. In this 
embodiment, the first freely-movable pivot point 212 is disposed at a location along 
the first rigid bar 214 that is closer to the first fixed pivot point 216 than to the second 
freely-movable pivot point 215. The first rigid bar 214 is pivotally connected to a 
modified support member 204 at the second freely-movable pivot point 215. The first 
fixed pivot point 216 is connected to a housing (not shown) to prevent translational 
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movement or displacement in any spatial dimension of the fixed pivot point 216 while 
permitting rotation of the first rigid bar 214 (and thus, permitting rotation of the pivot 
points 212 and 215) about the pivot point 216. The motion translator further includes 
a second rigid bar 218, which is pivotally connected to the first fixed pivot point 216 
and to a second fixed pivot point 220, which is also locked to prevent translational 
movement or displacement of the pivot point 220. The motion translator 202 also 
includes a third rigid bar 222 connecting the second fixed pivot point 220 to a third 
freely-movable pivot point 224 disposed along the support member 204. Thus, any 
vertical linear motion of the moving member 122 of the actuator 200 causes the first 
and second freely-movable pivot points 212 and 215 to move in respective arcuate 
paths centered about the first fixed pivot point 216, and likewise, causes the third 
freely-movable pivot point 224 of the support member 204 to move in an arcuate path 
centered about the second fixed pivot point 220. Therefore, vertical linear motion of 
the moving member 122 of the actuator 200 causes a supporting tip 228 of the support 
member 204 to move along an arcuate path 230 shown in Figure 9. In addition, due 
to the location of the first freely-movable pivot point 212 along the first rigid bar 214 
(proximal to the first fixed pivot point 216), a relatively small magnitude of 
downward linear motion of the moving member 122 is effectively amplified into a 
greater magnitude of downward arcuate motion of the supporting tip 228 of the 
support member 204 along the arcuate path 230. 

For ease of illustration, the dimensions of the various elements shown in Figure 9 are 
.not to scale, but rather, are exaggerated. The actual dimensions of these components 
will vary, to cause the arcuate path 230 traced by the tip 228 of the support member 
204 to conform to the expected path of the outer edge of the workpiece 24 during 
thermal bowing. Alternatively, any other suitable type of motion translator may be 
substituted if desired. 

Referring to Figures 5-7 and 10-12, a system for supporting a workpiece according to 
a fifth embodiment of the invention is shown generally at 300 in Figure 10. In this 
embodiment, each of the plurality of moveable engagement portions of the plurality 
of support members is resiliency engageable with the workpiece, in a manner similar 
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to that shown in Figure 5. Also in this embodiment, a support member motion system 
similar to that shown in Figures 6 and 7 is configured to move the plurality of support 
members in response to the thermally-induced motion of the workpiece 24. 

More particularly, in this embodiment, the system 300 includes a plurality of 
5 supporting devices, including a first supporting device 302 shown in Figure 10, which 

is similar to the supporting device 80 shown in Figure 5. Thus, each supporting 
device 302 includes a support member 304 having a pivot point 306, about which the 
support member 304 may pivot. A respective spring 308 is connected to each support 
member 304 at a location other than the pivot point 306 thereof. More particularly, in 

10 this embodiment the pivot point 306 is interposed between a point at which the 

support member 304 is connected to the spring 308, and an engagement portion (a tip) 
310 of the support member which contacts the workpiece 24. Therefore, as with the 
configuration shown in Figure 5, in the present embodiment the spring 308 (which in 
this embodiment includes a constant force spring) acts as a torque applicator 

15 configured to apply a torque to the support member 304 about the pivot point 306 

thereof to cause the engagement portion 310 to tend to maintain contact with the 
workpiece. To achieve this, the spring 308 applies a downward force on one end of 
the support member 304, so as to provide a torque that counter-balances a torque 
applied by the weight of the workpiece 24 on the engagement portion (tip) 310 of the 

20 support member 304. 

Referring to Figures 4 and 10-12, in the present embodiment, the support member 
motion system is configured to move the pivot points 306 of the support members 
304. In this regard, in the present embodiment, the pivot point 306 is not fixed in 
space relative to the rest of the chamber 60, but rather, is connected to an actuator 

25 320. The connection may be direct, or alternatively, may be indirect (for example, the 

pivot point 306 may be provided by a pivot bar mounted between opposing walls of a 
housing 312, and a direct connection may be provided by connecting the pivot bar to 
the actuator, or alternatively, an indirect connection may be made by connecting the 
housing to the actuator 320). The actuator 320 may include a voice coil actuator such 

30 as that described earlier herein, or alternatively, may include any other suitable type 
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of actuator. In this embodiment, the motion system is configured to apply electric 
currents to each of the actuators 320, to move the support members 304 connected 
thereto, thereby moving the pivot points 306 of the support members. To achieve 
this, in this embodiment the actuator 320 is synchronized with the heating device 64, 
so that approximately simultaneously with the commencement of the thermal bowing 
motion of the workpiece 24 resulting from the abrupt heating flash produced by the 
heating device 64, the actuator 320 moves the entire supporting device 302 
downward, thereby causing the support member 304 to also move downward 
simultaneously with the initial downward thermal bowing motion of the outer edge of 
the workpiece 24, but without any significant pivoting of the support member 304 
about the pivot point 306. The magnitude of the downward motion of the supporting 
device 302 may be pre-determined in response to a predicted value of the thermally- 
induced motion of the workpiece 24, for example. In this embodiment, the actuator 
320 includes a detector/controller (not shown) similar to that discussed above in 
connection with Figure 7, which may be used to detect the thermally-induced motion 
of the workpiece. Thus, if desired, such synchronization and prediction may be 
omitted, and the initial downward motion of the actuator 320 and the supporting 
device 302 may be initiated and controlled in response to detection of the thermally- 
induced motion. Figure 11 illustrates the configuration of the supporting device 302 
following this initial motion caused by the actuator 320. Following this motion, as 
shown in Figure 12, as the downward thermal bowing motion of the outer edge of the 
workpiece 24 continues, the support member 304 begins to pivot about the pivot point 
306, such pivotal motion being resisted by the constant force spring 308, in a manner 
similar to the embodiment shown in Figure 5. As the outer edge of the workpiece 
begins to rise back up as the workpiece vibrates, the actuator may similarly produce 
an upward motion of the entire supporting device 302, if desired. Thus, in the present 
embodiment, the upward and downward motion of the support member 304 is 
provided in a partly passive manner by the spring 308, and in a partly active manner 
by the actuator 320. Alternatively, other types of hybrid active / passive supporting 
systems may be substituted if desired. Similarly, motion translators such as that 
described earlier herein may also be employed, so that the motion of the pivot point 
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306 caused by the actuator 320 traces an arcuate path corresponding to the expected 
path of the edge of the workpiece during thermal bowing. 

Referring to Figures 6, 13 and 14, a system for supporting a workpiece according to a 
sixth embodiment of the invention is shown generally at 400 in Figure 13. In this 
embodiment, the system 400 includes a first plurality of moveable engagement 
portions of a first plurality of respective support members engageable with a lower 
surface of the workpiece 24, and also includes a second plurality of moveable 
engagement portions of a second plurality of support members engageable with an 
upper surface of the workpiece. In this embodiment, the first and second pluralities of 
engagement portions are respectively engageable with the lower and upper surfaces of 
the workpiece at an outer perimeter zone thereof, which in this embodiment is the 
outer exclusion zone of the workpiece. . 

More particularly, in this embodiment each of the first plurality of support members 
includes a support member 404 of a first supporting device 402, which is somewhat 
similar to the supporting device 102 shown in Figure 6, and thus includes an actuator 
406. In this embodiment, each of the second plurality of support members includes a 
suppressing member 414 of a suppression device 410, which in turn includes an 
actuator 416. In this embodiment, the suppressing member 414 and the suppression 
device 410 are somewhat similar to the supporting member 104 and the supporting 
device 102 shown in Figure 6, but are configured to engage the workpiece by 
contacting the device side 26 of the workpiece, in the outer exclusion zone thereof. In 
the present embodiment, however, the actuators 406 and 416 are controlled by a 
controller 420, in communication with force detectors (not shown) in each of the 
actuators. The controller 420 receives signals from the force detectors representing 
forces applied by the workpiece 24 to the support member 404 and the suppressing 
member 414 during thermal bowing or other thermally-induced motion. In response 
to such force detection signals, the controller 420 adjusts the relative positions and/or 
forces applied by the support member 404 and the suppressing member 414, to 
maintain the supporting and suppressing members in contact with the outer exclusion 
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zone of the workpiece during thermal bowing and resulting vibration of the 
workpiece, as shown in Figure 14, for example. 

To achieve this, the controller 420 is configured to move the first plurality of 
engagement portions of the support members 404 to minimize a difference between a 
weight of the workpiece and a force applied between the first plurality of engagement 
portions and the workpiece, in a manner similar, to that discussed above in connection 
with Figures 6-9. Similarly, the controller 420 is configured to move the second 
plurality of engagement portions of the suppressing members 414, to minimize a force 
applied between the workpiece and the second plurality of engagement portions. The 
latter minimization is similar to the former, except that in the case of the suppressing 
members 414, the desired electric current level in the coil of the actuator 416 
corresponds to zero force applied between the suppressing member 414 and the 
workpiece, whereas in the case of the support members 404, the desired electric 
current level in the coil of the actuator 406 corresponds to a gravitational force, i.e. 
the weight of the workpiece on the support members 404. The controller 420 detects 
deviations from these desired electric current levels, and controls the voltages 
supplied to the actuators 406 and 416 to move the support members 404 and the 
suppressing members 414, to restore the electric current levels in the coils of the 
actuators to their respective desired levels. Ideally, the force detectors and the 
controller 420 should be shielded so as to minimize any electrical interference or 
noise that may result from the sudden discharge of the capacitor banks or other pulsed 
power supply that is used to power the heating device 64 to produce the flash to heat 
the device side 26 of the workpiece to its final annealing temperature. In addition to 
the advantages of supporting the workpiece in this manner as discussed earlier herein, 
the action of the suppressing member 414 and actuator 416 under the direction of the 
controller 420 assists in suppressing the vibration of the workpiece, thereby reducing 
the possibility that damage to the workpiece may result from such vibration. If 
desired, motion translators such as that described earlier herein may also be employed 
for the supporting member and the suppressing member. 
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Referring to Figures 1-5 and 15, a supporting device according to a seventh 
embodiment of the invention is shown generally at 500 in Figure 15. The supporting 
device 500 is similar in some respects to the supporting device 80 shown in Figure 5, 
and thus includes a support member 502 similar to the support member 82, pivotally 
mounted to a support member housing 503 at a pivotal axis 504, for pivotal motion 
thereabout. The housing 503 may include the workpiece plane plate 30 shown in 
Figures 1-4, or alternatively, may include a separate housing such as the housing 36 
shown in Figure 1, for example, if desired. The pivotal axis 504 is interposed 
between a point 505 at which the support member 502 is connected to a spring 506 
(which in this embodiment includes a constant force spring), and a point of contact 
between a tip 508 of the support member and the workpiece 24. To achieve such a 
pivotal connection, the support member 502, which in this embodiment includes a 
quartz pin, is rigidly connected to a casing 510, which in turn is pivotally connected at 
the pivotal axis 504 to first and second mounting members (one of which is shown at 
512) on opposite sides of the casing, each of which is rigidly secured to the housing 
503. 

As in the embodiment shown in Figures 1-3, the supporting device 500 of the present 
embodiment includes a force applicator in communication with the support member 
502 to apply a force thereto, to cause the engagement portion of the support member 
502 to tend to maintain contact with the workpiece during the thermally-induced 
motion thereof. However, in this embodiment the force applicator includes first and 
second torque applicators configured to apply first and second opposing torques to the 
support member 502, the second torque acting to oppose overshoot by the support 
member 502 of an equilibrium position thereof. More particularly, in the present 
embodiment, the first torque applicator includes the spring 506, which applies a 
torque (in a clockwise direction as shown in Figure 15) that tends to counter-balance 
an opposing torque applied by the weight of the workpiece 24 on the tip 508 of the 
support member 502. In this embodiment, the second torque applicator includes a 
second spring 520, which in this embodiment is connected to the supporting device 
500 at an end distal or opposite from the tip 508 of the support member 502. In this 
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embodiment, the second spring 520 includes a flexible elongated metal member 
extending from the supporting device 500 in a direction away from the workpiece 24. 
When the workpiece 24 is at rest and the supporting device is at equilibrium, a distal 
end of the second spring 520 maintains contact with a rigid stopper 522 protruding 
5 upward from a lower surface of the housing 503. During operation, when the outer 

edges of the workpiece 24 initially thermally bow downward, the support member 
502 pivots (in a direction counter-clockwise shown in Figure 15) relative to the 
housing 503, and accordingly, the distal end of the second spring 520 rises upward 
away from the stopper 522 along a counterclockwise arcuate path. Several 

10 milliseconds later, when the outer edge of the workpiece 24 rapidly oscillates back 

upward, the force applied to the supporting device 500 by the first spring 506 causes 
the support member 502 to pivot in a clockwise direction, until the second spring 520 
contacts the stopper 522 and bends as the supporting device overshoots its equilibrium 
angular position, thereby applying a counterclockwise torque to the supporting device 

15 to cause it to tend to return toward its equilibrium angle. It will be appreciated that 

the stopper 522 in this embodiment prevents the supporting device 500 from rotating 
clockwise too far past its equilibrium angular position. Advantageously, because the 
second spring 520 engages the stopper 522 in a resilient manner to achieve this, 
deleterious effects that would have otherwise have occurred (such as particle 

20 contamination that would have resulted from an abrupt collision between a rigid 

portion of the supporting device and the stopper) are minimized or avoided. 

Referring to Figure 16, a supporting device according to an eighth embodiment of the 
invention is shown generally at 600. In this embodiment, the supporting device 600 
includes a plurality of flexible support members shown generally at 602. In the 
25 present embodiment, each of the flexible support members 602 has a constrained 

portion such as that shown at 604, and an unconstrained portion such as that shown at 
606. In this embodiment, the moveable engagement portion of each of the support 
members 602 includes the unconstrained portion 606. 



30 



In the present embodiment, each of the flexible support members 602 includes a 
flexible fiber. More particularly, in this embodiment each of the flexible fibers 
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includes an optical fiber. More particularly still, in the present embodiment each of 
the flexible fibers includes a quartz optical fiber. In the present embodiment, optical 
fibers were selected due to their widespread availability, low cost and adequate 
mechanical properties, although some optical fibers may be undesirably brittle for 
certain applications. Alternatively, however, other types of fibers may be substituted. 
For example (without limitation), fibers composed of sapphire, crystalline quartz 
covered with amorphous quartz, silicon carbide, carbon fiber, metal-in-quartz, glass, 
or metal-in-glass, may be substituted. For example, sapphire fibers typically have 
greater strength than quartz, and may be advantageous for embodiments such as the 
present embodiment, in which an outer cladding of the fiber has been removed or is 
otherwise not present, as discussed in greater detail below. More generally, other 
types of flexible support members may be substituted. Preferably, for the purposes of 
the present embodiment, suitable flexible support members should be non- 
contaminating, flexible, low-mass, and should possess adequate temperature 
survivability to withstand the thermal cycles described herein. 

It will be appreciated that optical fibers are typically sold with an outer aluminum 
coating or cladding. Thus, to prevent the aluminum cladding from contacting and 
contaminating the workpiece, in the present embodiment, the aluminum coating has 
been chemically removed from the distal ends of the unconstrained portions of the 
flexible support members 602 ("distal" meaning distal from the casing 610). More 
particularly, in this embodiment the aluminum cladding has been removed along a 
length of 2 mm from the distal end of each of the unconstrained portions 606. The 
unclad distal end of each of the unconstrained portions 606 preferably has a smooth 
surface, such as the smooth surfaces discussed below in connection with Figure 37, 
for example. 

Referring to Figure 16, in this embodiment, the supporting device 600 includes at 
least one constrainer configured to constrain the constrained portions 604 of the 
flexible support members 602. More particularly, in this embodiment the at least one 
constrainer includes a casing 610 of the supporting device 600. In this embodiment, 
each of the constrained portions 604 has a length of 10 mm, and is constrained or 
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locked in position within the casing 610. Also in this embodiment, each of the 
unconstrained portions has a length of 17 mm, of which 15 mm is aluminum-clad and 
the remaining 2 mm is the unclad distal end. Each of the unconstrained portions 606 
extends from the casing 610 so that the unclad distal end of each unconstrained 
portion 606 engages the workpiece 24 in its outer exclusion zone. Also in this 
embodiment, each of the flexible support members 602 has a diameter of less than 2 
mm. Alternatively, however, other dimensions or combinations of dimensions may 
be substituted in a particular embodiment. Generally, the dimensions will be selected 
to provide the desired balance of flexibility and sufficiently fast response time. In this 
regard, a larger diameter typically tends to increase the stiffness of the support 
member. Lengthening the unconstrained portion of the support member may serve to 
decrease its stiffness and thus allow for a thicker diameter, although this approach 
tends to slow the response time constant of the support member, which is also 
undesirable in the present embodiment. It is also desirable to minimize the mass of 
the flexible support members. Thus, in embodiments such as the present 
embodiment, where the workpiece is a semiconductor wafer expected to experience 
extremely rapid thermal bowing and vibration, the diameter will be sufficiently small 
and the unconstrained length sufficiently long to provide the desired resiliency or 
flexibility, while the length should also be sufficiently short to provide a fast response 
time to allow the flexible support members to react to workpiece movements on a 
time scale on the order of a millisecond or less, while at the same time achieving these 
goals with a minimum mass of the unconstrained portion. 

In general, the frequency of vibration of a support member is related to its physical 
dimensions and mass as follows: 




where 



E = Young's Modulus [N/m ] 
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I = Area Moment of Inertia of Support Member Cross Section [m 4 ] 

t = Length of Support Member [m] 

li = Mass per Unit Length of Support Member [kg/m] 

A= Coefficient (A=3.52 for vibrational mode 2; A=22.0 for mode 2; A=61.7 for 
mode 3, etc.) 



Thus, the foregoing relationship and observations may be used to assist in the 
selection of a desired length and diameter of the support members for a given 
application. 

Referring to Figures 15, 16 and 19, in this embodiment, the supporting device 600 
shown in Figures 16 and 19 is somewhat similar to the supporting device 500 shown 
in Figure 15, the most significant difference being the substitution of the flexible 
support members 602 (in this embodiment, flexible quartz fibers) for the rigid support 
member 502. Thus, the present embodiment includes a plurality of force applicators 
configured to apply forces to the plurality of supporting devices 600 to cause each of 
the unconstrained portions 606 to tend to maintain contact with the workpiece 24 
during the thermally-induced motion of the workpiece. More particularly, the force 
applicators comprise torque applicators, or more particularly, the springs 506 and 520. 

In this embodiment, a support system includes a plurality of supporting devices 
similar to the supporting device 600, disposed at various intervals around the outer 
perimeter of the workpiece 24. Thus, in this embodiment the at least one constrainer 
includes a plurality of constrainers, i.e. the plurality of casings 610 of the respective 
supporting devices 600, disposed around the outer perimeter of the workpiece. As is 
apparent from Figure 16, in this embodiment the plurality of constrainers consists of 
fewer constrainers than the number of the flexible support members, and each of the 
constrainers is configured to constrain more than one of the flexible support members, 
such as the set of six support members 602 shown in Figure 16, for example. More 
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particularly, in this embodiment each of the constrainers, i.e. each of the casings 610, 
is configured to constrain the more than one of the flexible support members 
generally parallel to each other. . 

Referring to Figures 16 and 17, a supporting device according to a ninth embodiment 
of the invention is shown generally at 650 in Figure 17. The supporting device 650 is 
generally similar to the supporting device 600, and includes a plurality of flexible 
support members shown generally at 652, each of which has a constrained portion 
such as that shown at 654, and an unconstrained portion such as that shown at 656. 
Each of the constrained portions is constrained or locked in position within 
constrainer, or more particularly, within a casing 660. As in the preceding 
embodiment, each constrainer constrains more than one of the flexible support 
members 652. However, in this embodiment each constrainer is configured to 
constrain the more than one of the flexible support members generally divergent from 
each other. Thus, in this embodiment, the flexible support members 652 are not 
generally parallel, but rather, extend from the casing 660 toward the workpiece 24 in a 
divergent manner. In the embodiment shown in Figure 17, the flexible support 
members are generally straight (but may include curved end regions as discussed in 
greater detail below in connection with Figure 20), and extend from the casing 660 
along outwardly diverging paths. 

Referring to Figures 17 and 18, alternatively, if desired, the flexible support members 
may diverge by extending along respective curved paths. For example, a supporting 
device according to a tenth embodiment of the invention is shown generally at 680 in 
Figure 18. The supporting device 680 is generally similar to the supporting device 
650, and includes a plurality of flexible support members shown generally at 682, 
each of which has a constrained portion such as that shown at 684, and an 
unconstrained portion such as that shown at 686. Each of the constrained portions is 
constrained or locked in position within a casing 690. In this embodiment, however, 
the flexible support members 682 extend from the casing 690 toward the workpiece 
24 along respective divergent curved paths. To achieve this, the plurality of flexible 
support members 682 may be pre-heated and bent into the desired curvature. 
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As a further alternative, if desired, each constrainer may constrain a constrained 
portion of only a single respective corresponding one of the flexible support members. 
More generally, the flexible support members 602 of the supporting device 600 may 
be employed in other embodiments of the invention, such as any of the other 
embodiments described herein, for example. 

Embodiments such as those shown in Figure 17 and 18 tend to allow a broader 
distribution of contact points with the workpiece, and reduce shadowing effects. 

Referring to Figures 16 to 19, in the above embodiments, a support system for 
resiliently supporting the workpiece includes a plurality of support devices similar to 
the supporting device 600 (or alternatively, 650 or 680), disposed at various angular 
positions around the outer edge of the workpiece. Although three, or even two, such 
supporting devices may suffice for some applications, such a system preferably 
includes four or more such supporting devices, to provide adequate stability of 
support in the event that one of the supporting devices may fail to properly engage the 
workpiece. 

Referring to Figure 19, in this embodiment, the flexible support members 602 (or 
alternatively, 652 or 682) engage the outer exclusion zone of the workpiece at an 
angle of approximately 25° relative to the plane of the workpiece. Alternatively, other 
angles may be substituted. 

Alternatively, referring to Figure 20, in an eleventh embodiment of the invention, the 
flexible support members 602 (or alternatively, 652 or 682) may engage the outer 
exclusion zone of the workpiece at steeper angles, such as the angle of engagement 
between the unconstrained portion 606 of the flexible support member 602 and the 
workpiece 24 shown in Figure 20, for example. If such a steeper engagement angle is 
employed, the unconstrained portion 606 of each of the flexible support members 602 
preferably has a curved end region 620 for engaging the outer exclusion zone of the 
workpiece 24. Such curvature may be achieved by pre-heating the flexible support 
member and mechanically bending the end region 620 while it is heated, for example. 
The curvature of the end region 620 serves to minimize scraping of the substrate side 
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of the workpiece by the end region 620 that might otherwise occur during thermal 
bowing and vibration of the workpiece. 

Although the foregoing embodiment described the flexible support members 602 (or 
alternatively, 652 or 682) of the supporting device 600 (or 650 or 680) as being used 
5 in conjunction with one or more springs (such as the springs 506 and 520 shown in 

Figures 15 and 19 for example), alternatively, in some embodiments the flexibility 
provided by the flexible support members 602 (or 652 or 682) will be sufficient to 
resiliency support the workpiece without the need for any such springs or other 
resilient or flexible components. Thus, in such an embodiment, the position and 
10 orientation of the casing 610 may be fixed, and only the unconstrained portions of the 

flexible support members may move. 

For example, referring to Figure 21, a support system for supporting the workpiece 24 
according to a twelfth embodiment of the invention is shown generally at 700. In this 
embodiment, the support system 700 includes a plurality of supporting devices 701 

15 such as those shown at 702, 704, 706 and 708 for example, disposed at various 

intervals around an inner workpiece support aperture of a workpiece plane plate 710. 
In the present embodiment, the supporting device 702 and other similar supporting 
devices extend inwardly and upwardly from a lower region of the workpiece plane 
plate 710, to resiliency engage the outer exclusion zone of the substrate side 28 of the 

20 workpiece 24. 

Referring to Figures 21 and 22, the supporting device 702 is shown in greater detail in 
Figure 22. In this embodiment, the supporting device 702 includes a flexible support 
member 712, which in this embodiment includes a quartz optical fiber, although 
alternatively, other suitable flexible support members may be substituted, as discussed 
25 earlier herein. In the present embodiment, the flexible support member 712 is partly 

contained within a cladding layer 714, which in this embodiment is the aluminum 
cladding layer in which the quartz fiber is commercially sold. The aluminum 
cladding layer has been chemically removed from an unclad end region 716 of the 
flexible support member 712 distal from the workpiece plane plate 710 (proximal to 
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the workpiece 24), so that the exposed or unclad end region 716 of the quartz fiber 
contacts the outer exclusion zone of the substrate side 28 of the workpiece 24. As 
described above in connection with the preceding embodiment, in the present 
embodiment the end region 716 of the flexible support member 712 is curved, to 
5 minimize scraping of the substrate side 28 of the workpiece by the flexible support 

member during thermally-induced bowing and vibratory motions of the workpiece. In 
this embodiment, the aluminum cladding layer is tightly secured within a casing 718, 
which in this embodiment includes a stainless steel tube. The casing 718 is tightly 
secured within the workpiece plane plate 710. 

10 In this embodiment, the flexible support member 712 has a length of 27 mm, of which 

an end region proximal to the workpiece plane plate 710 having a length of 10 mm is 
encased within both the cladding layer 714 and the casing 718, a middle region 
having a length of 13 mm is encased only within the cladding layer 714, and the end 
region 716 distal from the workpiece plane, which has a length of 4 mm, is exposed, 

15 surrounded by neither the casing nor the cladding layer. In the present embodiment, 

the casing 718 and cladding layer 714 extend from the workpiece plane plate 710 at 
an angle of 35° from the vertical (or 55° relative to the workpiece plane), although this 
angle was selected primarily for convenience to minimize the modifications required 
to the workpiece plane plate. Alternative angles are discussed in greater detail below. 

20 More generally, other combinations of dimensions, angles or configurations may be 

substituted, as desired. 

Referring to Figures 21 and 22, in this embodiment, the support system 700 includes a 
plurality of supporting devices such as the supporting device 702 shown in Figures 21 
and 22, disposed at various locations around the workpiece plane plate. More 

25 particularly, in the present embodiment the workpiece support system 700 includes 16 

such supporting devices, arranged in eight closely-spaced pairs, each pair disposed 
symmetrically around the circumference of the workpiece 24 at 45° intervals. In this 
regard, among other advantages, the placement of such supporting devices in closely- 
spaced pairs at each angular position effectively provides a back-up, so that if one of 

30 the pair of supporting devices fails to operate as intended, the other supporting device 
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of the pair will generally be able to adequately support the workpiece at that angular 
position, thereby preventing the workpiece from falling or being damaged. 

Alternatively, however, other numbers and angular configurations of supporting 
devices may be provided- Generally, for embodiments similar to the present 
embodiment, it is preferable that the selection of the number and positions of such 
supporting devices be guided by a desire to minimize the mass of the supporting 
devices, while at the same time providing an adequate quantity of such supporting 
devices to support the workpiece throughout the thermally-induced bowing and 
vibratory motions described herein. 

For example, still referring to Figures 21 and 22, in a similar alternative embodiment, 
which may be suitable for processing of 200 mm diameter wafers, for example, a 
modified workpiece support system 700 includes 6 such supporting devices 702, 
arranged in three closely-spaced pairs, each pair disposed symmetrically around the 
circumference of the workpiece 24 at 120° intervals. Similarly, in yet another 
alternative embodiment, which may be suitable for processing of 300 mm diameter 
wafers, for example, a modified workpiece support system 700 includes 8 such 
supporting devices 702, arranged in four closely-spaced pairs, each pair disposed 
symmetrically around the circumference of the workpiece 24 at 90° intervals. The 
supporting devices 702 of these alternative embodiments are similar to those shown in 
Figure 22, although in these alternative embodiments the exposed or unclad end 
region 716 has a length of 2 mm. In this regard, a shortening of the length of the 
unclad end region 716 has been found to reduce the likelihood of fiber breakage, ha 
these embodiments, the shortened unclad end regions 716 have smooth-surfaced tips, 
as described below in connection with Figure 37. 

Also in these alternative embodiments, the angle of engagement of the supporting 
device 702 relative to the plane of the workpiece 24 has been altered. In these 
embodiments, each of the engagement portions is engageable with the lower surface 
of the workpiece 24 at an angle of 10 to 80 degrees relative to a plane of the 
workpiece. More particularly, in these embodiments the angle is 15 to 35 degrees. 
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More particularly still, in these alternative embodiments the angle is 25 degrees. In 
this regard, although the selection of the desired angle may vary from application to 
application, it has been found that for some semiconductor wafer applications, an 
engagement angle that is steep, such as 80 to 90° for example, increases the likelihood 
of gouging the wafer and damaging the support members or the wafer, while angles 
that are shallow, such as 0 to 10° for example, increase the likelihood of breakage of 
the flexible support members 712. Thus, for some applications, an angle of 
engagement in the range of 10 to 80° relative to the workpiece plane will be preferred; 
an angle of engagement of 15 to 35° will be more strongly preferred; an angle of 
engagement of 25° will be more preferable still for certain applications. Alternatively, 
however, other angles may be substituted. 

In all such embodiments, it is preferable for the unencased portion of the flexible 
support member 712, i.e., the portion of the flexible support member 712 that extends 
beyond the casing 718, to be precisely identical in length to the unencased portions of 
the other flexible support members used in a given system, to maintain consistent 
flexibility from support member to support member. For similar reasons, it is 
preferable to precisely control the lengths of the unclad end regions 716 for 
consistency in flexibility and breakage resistance. Likewise, it is preferable for each 
of the supporting devices 702 to engage the workpiece 24 at the same angle. 

More generally, other suitable configurations and dimensions, whether symmetrical 
and consistent or otherwise, may be substituted. 

Referring to Figures 23 and 24, a support system for supporting the workpiece 24 
according to a thirteenth embodiment of the invention is shown generally at 800 in 
Figure 23. In this embodiment, the support system 800 includes a plurality of 
supporting devices 802 such as those shown at 804, 806 and 808 for example, 
disposed at various intervals around an inner workpiece support aperture of a 
workpiece plane plate 810. Li the present embodiment, the supporting devices 802 
extend inwardly and upwardly from a lower region of the workpiece plane plate 810, 
to resiliently engage the outer exclusion zone of the substrate side 28 of the workpiece 
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24. However, unlike the previous embodiment shown in Figures 21 and 22, in the 
embodiment shown in Figures 23 and 24, each supporting device includes a flexible 
curved support member resiliently engageable with the exclusion zone of the 
workpiece. 

5 In this regard, referring to Figure 24, the supporting device 804 is shown in greater 

detail. In this embodiment, the supporting device 804 includes a flexible curved 
support member 812, which in this embodiment includes an optical quartz fiber, 
although alternatively, other types of flexible support members may be substituted. In 
this embodiment, the flexible curved support member 812 includes first and second 

10 spaced apart constrained portions, with an unconstrained portion extending in a 

curved path therebetween*. More particularly, in this embodiment the first constrained 
portion includes a first end region 815, the unconstrained portion includes a middle 
region 816, and the second constrained portion includes a second end region 817. The 
first and second constrained portions are thus at opposite ends of the support member 

15 812, and define the unconstrained portion therebetween. The first and second 

constrained portions, or more particularly, the first and second end regions 815 and 
817, are affixed to the workpiece plane plate 810 to prevent motion of the constrained 
portions. In this embodiment, the flexible curved support member 812 is partly 
contained within a cladding layer 814, which in this embodiment is the aluminum 

20 cladding layer in which the quartz fiber is commercially sold. The aluminum 

cladding layer has been chemically removed from the middle region 816 of the 
flexible curved support member 812, so that the exposed middle region 816 of the 
quartz fiber contacts the outer exclusion zone of the substrate side 28 of the workpiece 
24. 

25 In this embodiment, the system 800 includes first and second constrainers configured 

to constrain the first and second constrained portions (i.e. the first and second end 
regions 815 and 817) in spaced apart relation to cause the unconstrained portion (i.e. 
the middle region 816) to extend in a curved path therebetween. More particularly, in 
this embodiment the first and second constrainers include first and second casings 818 

30 and 819. At the first end region 815, the aluminum cladding layer 814 surrounding 
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the flexible curved support member 812 is tightly secured within the first casing 818, 
which in this embodiment includes a stainless steel tube. Likewise, in this 
embodiment, at the second end region 817, the aluminum cladding layer 814 
surrounding the flexible curved support member 812 is tightly secured within the 
second casing 819, which includes a similar stainless steel tube. The casings 818 and 
819 are tightly secured within the workpiece plane plate 810. 

Referring to Figures 22 and 24, in this embodiment, each of the casings 818 and 819 
is similar to the casing 718 shown in Figure 22, and is similarly secured to the 
workpiece plane plate. In this embodiment, however, the first and second 
constrainers, which in this embodiment include the casings 818 and 819, are 
configured to constrain the first and second constrained portions (i.e. the first and 
second end regions 815 and 817) to cause the unconstrained portion (the middle 
region 816) to extend along the curved path from the first constrained portion 
upwardly and inwardly toward the workpiece 24 to a region of contact therewith and 
to extend from the region of contact downwardly and outwardly to the second 
constrained portion. More particularly, rather than extending linearly inward and 
upward toward the workpiece, the. flexible curved support member 812 protrudes 
from the casing 818 and cladding layer 814 at the first end region 815, and extends 
inwardly and upwardly along an approximately arcuate path toward the workpiece 24, 
so that a center of the middle region 816 contacts and supports the outer exclusion 
zone of the substrate side 28 of the workpiece 24. The flexible curved support 
member 812 then continues to extend, from its center, downwardly and outwardly 
along the arcuate path, to the second end region 817, where the cladding layer 814 
surrounding the end region 817 is secured within the casing 819. At the center of the 
middle region 816 that contacts the workpiece, a tangent to the unconstrained portion 
(i.e. a tangent to the middle region 816 at the center thereof) is substantially parallel to 
a tangent to an outer circumference of the workpiece 24 in the vicinity of the region of 
contact. In this embodiment, as in the embodiment shown in Figure 22, the angle of 
the arcuate path of the flexible curved support member 812 is approximately 35° from 
the vertical, although again, this angle was chosen for convenience, to minimize 
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modifications to an existing workpiece plane plate. Alternatively, other angles and 
configurations may be substituted. In exemplary embodiments, the flexible support 
member 812 may extend from the first end region 815 for a length of 10-20 mm 
within the casing 818, and may extend for a further length of 20-40 mm beyond the 
casing within the cladding layer 814, and may extend for a further unclad length of 2- 
4 mm at a central region thereof, at which the flexible support member 812 contacts 
the workpiece 24. The flexible support member may then extend for a further length 
of 20-40 mm within the cladding layer 814 toward the second end region 817, and 
extend for a further length of 10-22 mm within the casing 819. The flexible support 
member may have a diameter of 0.5 to 2 mm, for example. Alternatively, other 
lengths and diameters may be substituted if desired. In further similar embodiments, 
such as those in which the flexible support member 812 includes a material such as 
sapphire, the cladding layer 814 may be omitted entirely if desired. 

In this embodiment, the plurality of supporting devices 802 includes at least four such 
supporting devices similar to the supporting device 804, to provide adequately stable 
support in the event that one of the supporting devices breaks or otherwise fails. 
More particularly, in this embodiment the plurality of supporting devices 802 includes 
20 such supporting devices. Alternatively, however, other numbers of supporting 
devices may be substituted if desired. 

Referring to Figures 25-30, a support system for supporting the workpiece 24 
according to a fourteenth embodiment of the invention is shown generally at 900. In 
this embodiment, the support system 900 includes a plurality of flexible support 
members shown generally at 902. In the present embodiment, each of the flexible 
support members 902 includes a flexible fiber resiliency engageable with the 
workpiece. More particularly, as in previous embodiments, in the present 
embodiment each of the flexible fibers includes a quartz optical fiber, although 
alternatively, as discussed elsewhere herein, sapphire or other types of fibers, or more 
generally, other types of flexible support members, may be substituted. Preferably, 
for the purposes of the present embodiment, alternative flexible support members 
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should be non-contaminating, flexible, low-mass, and should possess adequate 
temperature survivability to withstand the thermal cycles described herein. 

Referring to Figures 28 and 30, an exemplary flexible support member is shown 
generally at 903 in Figure 28. For ease of illustration, only the exemplary support 
member is described, it being understood that the remaining flexible support members 
902 are similar. In this embodiment, the flexible support member 903 has a 
constrained portion 904, and an unconstrained portion 906. More particularly, in the 
present embodiment the flexible support member 903 includes the constrained portion 
904 at an end thereof, and the unconstrained portion 906 extends inwardly from the 
constrained portion 904 toward a central region of the workpiece 24. 

In this embodiment, the flexible support member 903 includes a fiber 907. In the 
present embodiment, a portion of the length of the flexible fiber 907 is encased within 
an outer cladding layer 908, which in this embodiment is an aluminum coating layer 
that is commercially sold with the fiber 907. In this regard, to prevent the aluminum 
cladding from contacting and contaminating the workpiece, in the present 
embodiment, the aluminum coating has been chemically removed from a segment of 
the length of the unconstrained portion 906 of the flexible support members 903. 
More particularly, in this embodiment the flexible support member 903 has a length 
of 65 mm, and the aluminum cladding or coating has been chemically removed from 
the innermost 40 mm of its length. 

Alternatively, other suitable lengths may be substituted, depending upon the desired 
flexibility and mass of the flexible support members 902. For example, the aluminum 
coating or cladding layer may be omitted entirely in some embodiments, such as 
embodiments in which the support members include sapphire. 

In this embodiment, the support system 900 includes at least one constrainer for 
constraining the constrained portion 904. In the present embodiment, the at least one 
constrainer includes a workpiece plane plate 920. More particularly, in this 
embodiment the at least one constrainer includes a plurality of clamps defined within 
the workpiece plane plate, for clamping the constrained portions of the plurality of 
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flexible support members 902. More particularly still, in the present embodiment, 
each constrained portion 904 is constrained or locked in position within a clamp 
shown generally at 910 in Figures 28 and 30. In this embodiment, the clamp 910 
includes an upper clamping member 912 and a lower clamping member 914. More 
particularly, in the present embodiment, the upper clamping member 912 has a 
generally planar lower surface, and the lower clamping member 914 has a V-shaped 
groove or channel 916 defined in its upper surface, extending along the length of the 
lower clamping member 914. The dimensions of the V-shaped groove 916 are 
selected so that the flexible support member 903 can be inserted into the V-shaped 
groove 916, such that when the lower surface of the upper clamping member 912 is 
pressed against the upper surface of the lower clamping member 914, the outer 
cladding layer 908 is snugly secured between the lower surface of the upper clamping 
member 912 and the two surfaces of the V-shaped groove 916, thereby preventing the 
portion of the flexible support member 903 that is secured within the clamp 910 from 
movement relative thereto. The clamp 910 is oriented so that the V-shaped groove 
916, and hence the flexible support member 903, point radially inward toward the 
center of the workpiece 24. 

In this embodiment, a plurality of clamps such as that shown at 910 are defined by an 
upper clamping ring that effectively acts as a plurality of upper clamping members 
912, and a lower clamping ring with a plurality of V-shaped grooves defined therein, 
which effectively acts as a plurality of lower clamping members 914. The upper and 
lower clamping rings extend radially inward for a length of approximately 10 mm, in 
which the constrained portion 904 of each flexible support member 902 is snugly 
secured. Alternatively, other constrained lengths may be substituted if desired. 

Referring to Figures 28 and 29, in this embodiment the workpiece plane plate 920 
defines a plurality of workpiece support apertures in an inner surface thereof, and the 
constrained portions 904 are affixed to the workpiece plane plate 920 with the 
unconstrained portions 906 extending inwardly toward the workpiece through the 
workpiece support apertures. More particularly, in this embodiment each of the 
workpiece support apertures includes a vertical slot 918 defined in the inner surface of 



WO 2004/057650 



PCT/CA2003/001959 



-60- 

the workpiece plane plate 920. Thus, in this embodiment the unconstrained portion 
906 of the flexible support member 903 protrudes inwardly toward the center of the 
workpiece 24, through the vertical slot 918, which slot allows the unconstrained 
portion 906 of the flexible support member 903 to move upward and downward 
relative to the workpiece plane plate 920. In this embodiment, an inner tip 924 of 
each unconstrained portion 906 inwardly past an outer edge 922 of the workpiece 24, 
so that the inner tip 924 is at a smaller radial distance from the center of the 
workpiece than the outer edge 922 of the workpiece. More particularly, in this 
embodiment the inner tip 924 extends approximately 10 mm further inward than the 
outer edge 922 of the workpiece, although alternatively, other length relationships 
may be substituted. Thus, in this embodiment the engagement portion of the support 
member 903 includes an intermediate point 926 along the unconstrained portion 906 
between the constrained portion 904 and the inner tip 924. The unconstrained portion 
906, or more particularly the intermediate point 926 therealong, is engageable with 
the outer edge 922 of the workpiece, to contact and support the workpiece. 

In this embodiment, the workpiece plane plate 920 is configured to constrain the 
constrained portions 904 in a generally horizontal direction to cause the unconstrained 
portions 906 to extend generally horizontally inwardly toward the central region of 
the workpiece 24 while downwardly sagging. In this regard, due to the downward 
force of gravity exerted by the outer edge 922 of the workpiece upon the intermediate 
point 926, the flexible support member 903 bends downward, so that the inner tip 924 
of the flexible support member is vertically displaced by a "sag displacement" 
distance below the plane of the workpiece 24. 

Still referring to Figures 28 and 29, in this embodiment, the plurality of flexible 
support members 902 includes at least twenty elongated flexible support members. 
More particularly, the plurality of support members 902 includes at least fifty such 
support members. More particularly still, in this embodiment the plurality of support 
members 902 includes approximately 60 flexible support members similar to the 
exemplary support member 903, disposed at roughly equidistant intervals around an 
inner workpiece support aperture defined in the workpiece plane plate 920. In this 
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embodiment, in which the workpiece is a semiconductor wafer and the flexible 
support members 902 are optical fibers as described above, the "sag displacement" 
typically ranges from about 3 mm to about 5 mm. Thus, in the present embodiment 
the unconstrained portions 906 are engageable with the outer edge 922 of the 
5 workpiece 24 at an angle of less than about 10 degrees downward relative to the plane 

of the workpiece. Alternatively, other sag displacement distances and angles may be 
tolerable or desirable, depending upon the particular application at hand. 

Typically, in the illustrative embodiments shown in Figures 28 and 29, each of the 
flexible support members 902 has a diameter of between approximately 0.4 mm and 2 
10 mm. Alternatively, however, as discussed in connection with other embodiments, 

other suitable dimensions may be substituted, selecting length and diameter to provide 
the desired resiliency and fast response time for a given application. 

Referring to Figures 20 and 28, if desired, the inner tip 924 of the flexible support 
member 903 shown in Figure 28 may be provided with a curved end region similar to 
15 the curved end region 620 shown in Figure 20, to minimize the effects of possible 

scraping against the substrate side 28 of the workpiece 24 during thermally-induced 
bowing or vibration. 

Referring to Figure 31, a support system for supporting a workpiece according to a 
fifteenth embodiment of the invention is shown generally at 1000. In this 

20 embodiment, the support system 1000 is configured to suppress vibration of the 

workpiece, or more particularly, to suppress at least one natural vibration mode of the 
workpiece, which in this embodiment includes the first and second natural vibration 
modes of the workpiece. To achieve this, the support system 1000 includes first and 
second supporting devices shown generally at 1002 and 1004. The supporting 

25 devices 1002 and 1004 include respective flexible support members 1006 and 1008, 

which in this embodiment include quartz fibers. More particularly, in this 
embodiment the quartz fibers are optical quartz fibers from which the aluminum 
cladding layer has been chemically , removed, and have a diameter of approximately 
100 microns. 



WO 2004/057650 



PCT/CA2003/001959 



-62- 

Alternatively, as discussed in connection with previous embodiments, other types of 
fibers, or more generally, other suitable types of flexible support members, may be 
substituted. 

In this embodiment, each of the flexible support members 1006 and 1008 has first and 
second spaced apart constrained portions, with an unconstrained portion extending in 
a curved path therebetween. More particularly, the first and second constrained 
portions of the flexible support member 1006 respectively include a fixed end 1010 
and an adjustable end 1014, and similarly, the first and second constrained portions of 
the flexible support member 1008 respectively include a fixed end 1012 and an 
adjustable end 1016. The fixed end 1010 of the flexible support member 1006 is 
attached to a workpiece plane plate 1018 in the vicinity of the workpiece 24, just 
below the plane of the workpiece 24, and similarly, the fixed end 1012 of the flexible 
support member 1008 is attached to the workpiece plane plate just above the plane of 
the workpiece. Thus, the workpiece plane plate 1018 acts as a first constrainer for 
constraining die fixed ends 1010 and 1012 of the flexible support members 1006 and 
1008. 

In this embodiment, the unconstrained portion of each support member extends along 
the curved path between the constrained portions, such that a tangent to the 
unconstrained portion at a region of contact with the workpiece extends radially 
inward toward a center of the workpiece. For example, in this embodiment the 
flexible support member 1006 extends from its fixed end 1010 (in a counter- 
clockwise direction as shown in Figure 31) along a generally loop-shaped path, and 
contacts and supports the substrate side 28 of the workpiece 24 in the vicinity of the 
outer exclusion zone of the workpiece. The flexible support member 1006 continues 
along the loop-shaped path from the point of contact with the workpiece, looping 
around (counter-clockwise) and re-entering the workpiece plane plate 1018 through 
an aperture 1020 defined in the lower surface of the workpiece plane plate. The 
adjustable end 1014 of the flexible support member 1006 enters and is secured in a 
length controller 1022, which acts as a second constrainer for constraining the 
adjustable end 1014 of the flexible support member 1006. 
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In this regard, in the present embodiment at least one of the first and second 
constrained portions of each of the flexible support members 1006 and 1008 is 
retractably constrained. Thus, in the present embodiment, the system 1000 includes 
the length controller 1022, which in this embodiment includes a mechanical retractor, 

5 and which retractably constrains the second constrained portion (i.e. the adjustable 

end 1014) of the flexible support member 1006. The retractor is configured to retract 
the second constrained portion to effectively shorten the unconstrained portion, and 
conversely, is configured to extend the second constrained portion to effectively 
lengthen the unconstrained portion. In the present embodiment, the length controller 

10 1022 is remotely controllable from outside a process chamber in which the workpiece 

plane plate 1018 is located, to lengthen or shorten the effective length of the flexible 
support member 1006, thereby changing the shape and dimensions of the loop-shaped 
path in which it extends to resiliently support the workpiece. 

Similarly, in this embodiment the flexible support member 1008 extends from its 
1 5 fixed end 1012 along a generally loop-shaped path (in a clockwise direction as shown 

in Figure 31), contacts the device side 26 of the workpiece 24 in the vicinity of the 
outer exclusion zone of the workpiece, and continues (clockwise) along the loop- 
shaped path to re-enter the workpiece plane plate 1018 through an aperture 1024 
defined in an upper surface of the workpiece plane plate. The adjustable end 1016 of 
20 the flexible support member 1008 enters and is secured in a length controller 1026, 

similar to the length controller 1022. In this embodiment, the length controller 1026 
is remotely controllable from outside the process chamber in which the workpiece 
plane plate 1018 is located, to retract a sufficient length of the flexible support 
member 1008 to move the flexible support member 1008 completely out of a 
25 cylinder-shaped volume defined above the plane of the workpiece 24, thereby 

allowing the workpiece 24 to be lowered into position to be supported by the first 
flexible supporting device 1002, or to be raised back out of position when thermal 
processing is complete. For thermal processing, the length controller 1026 may be 
remotely controlled to extend a sufficient length of the flexible support member 1008 
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so that the loop-shaped path of the flexible support member 1008 contacts the device 
side 26 of the workpiece at the outer exclusion zone. 

In general, the effective diameters of the generally loop-shaped paths of the flexible 
support members 1006 and 1008 depend upon the material chosen for the support 
members, and upon the range of expected workpiece motion. For example, the 
effective diameters of the generally loop-shaped paths may be between about 30 mm 
and 100 mm for some embodiments, although alternatively, other effective diameters 
maybe substituted. 

In this embodiment, to support the workpiece 24 for such thermal processing, the 
support system 1000 includes a plurality of lower support devices identical to the 
support device 1002, and a plurality of upper support devices identical to the 
supporting device 1004, disposed at various intervals around the perimeter of the 
workpiece plane plate 1018. Thus, the system 1000 includes first and second 
pluralities of elongated flexible support members. The unconstrained portions of the 
first plurality of flexible support members are engageable with the lower surface of 
the workpiece 24 and the unconstrained portions of the second plurality of flexible 
support members are engageable with an upper surface of the workpiece 24. 

The upper support devices serve to enhance stability and suppress vibration of the 
workpiece 24 during the thermal cycles described herein. For example, in this 
embodiment, the first and second supporting devices 1002 and 1004 co-operate to at 
least partly suppress the first and second natural vibration modes of the workpiece 24. 

Alternatively, for some applications, the supporting device 1004 and other similar 
upper supporting devices may be omitted if desired, leaving the workpiece to be 
supported by the supporting device 1002 and other lower supporting devices. 

Referring to Figures 32 and 33, a support system for supporting a workpiece 
according to a sixteenth embodiment of the invention is shown generally at 1200. In 
this embodiment, the support system 1200 includes a lateral support member 
configured to laterally support the workpiece 24. More particularly, in this 
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embodiment the system 1200 includes a lateral supporting device 1202 for providing 
resilient lateral support to the workpiece 24. In this regard, it will be appreciated that 
in some cases, the thermal cycles described herein may tend to produce asymmetrical 
thermal bowing or vibrational motion of the workpiece, for example, due to non- 
uniform heating of the device side 26 of the workpiece in response to the flash, or due 
to non-uniform responses of various (vertical) supporting devices such as those 
described earlier herein, for example. Such asymmetrical motion may include lateral 
motion of the workpiece 24 relative to a workpiece plane plate such as that shown at 
1204, for example. In the present embodiment, in which the workpiece 24 is a 
semiconductor wafer, if such lateral motion results in a collision between the 
workpiece 24 and the workpiece plane plate 1204 (which in this embodiment is 
aluminum), the effects of such a collision may include particle contamination, or other 
physical damage to the workpiece 24. 

Accordingly, to prevent such collisions, in this embodiment the lateral supporting 
device 1202 includes a lateral support member 1206 configured to laterally support 
the workpiece 24. More particularly, in this embodiment the support member 1206 
includes a plurality of lateral support members, such as those shown at 1208, 1210 
and 1212 in Figure 33, for example, at respective positions relative to an outer edge of 
the workpiece 24. In this embodiment, each of the lateral support members is 
resiliency engageable with the outer edge of the workpiece. More particularly, in this 
embodiment each of the lateral support members includes a flexible fiber, which in 
the present embodiment includes an optical fiber. More particularly still, in the 
present embodiment, each of the support members includes a quartz fiber. 
Alternatively, as discussed in connection with previous embodiments, sapphire fibers, 
other fibers, other types of flexible support members, or more generally, other types 
of lateral support members, may be substituted. 

Referring back to Figure 32, in this embodiment the lateral support member 1206 is 
connected to a positioner 1214, which in this embodiment includes an aluminum 
block. The positioner 1214 is connected to the workpiece plane plate 1204, and 
extends sufficiently far into the workpiece support aperture defined in the workpiece 
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plane plate to position the lateral support member 1206 close to the outer edge of the 
workpiece 24. In the present embodiment, the lateral support member 1206 and 
similar support members, which in this embodiment include flexible fibers, are 
positioned at an angle substantially normal to a plane of the workpiece 24. 

In this embodiment, in which the lateral support members include optical quartz 
fibers, the aluminum coating or cladding layer that is typically sold with optical quartz 
fibers has been chemically removed, so that at least the portions of the lateral support 
members 1208, 1210 and 1212 that are likely to come into contact with the workpiece 
24 are exposed quartz, and hence, non-contaminating. In the present embodiment, 
during thermal processing, the workpiece contacts most of the lengths of the quartz 
fibers (other than the length segment secured within the positioner 1214), and 
therefore, in this embodiment the aluminum coating or cladding has been removed 
from the entire lengths of the fibers (if desired, the aluminum cladding may be 
retained along the length segment that is secured within the positioner 1214). 
Alternatively, other materials that are typically not sold with any such aluminum 
cladding, such as sapphire for example, may be substituted for the quartz fibers. 

In exemplary embodiments similar to that shown in Figures 32 and 33, the lateral 
support member and the other similar lateral support members may have a length of 
approximately 20 - 40 mm (excluding the portion that is secured within the positioner 
1214), and may have a diameter of 0.5 - 2 mm, for example. Alternatively, other 
suitable dimensions may be substituted for a given application. 

In this embodiment, the support system 1200 includes a plurality of lateral supporting 
devices similar to the lateral supporting device 1202, positioned at various intervals 
around the perimeter of the workpiece support aperture defined in the workpiece 
plane plate 1204. For example, the system 1200 may include between four and 20 
such lateral supporting devices, although alternatively, other numbers may be 
substituted. Such lateral supporting devices may be used in conjunction with vertical 
supporting devices, such as any of the other supporting devices described herein, for 
example. 
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Alternatively, in another exemplary embodiment, a lateral support system somewhat 
similar to that shown in Figures 32 and 33 may be provided, in which one or more 
rigid support members are substituted for the lateral support member 1206. For 
example, one or more rigid quartz pins may be substituted for the flexible support 
member. Such embodiments may suffice to contain lateral motion of the workpiece, 
however, such embodiments may also result in damage to or breakage of the 
workpiece 24, depending upon the lateral momentum of the workpiece relative to the 
rigid support member(s) when the former collides with the latter. 

If desired, rather than providing separate lateral and vertical supporting devices, such 
lateral and vertical support may be provided by a single supporting device, if desired. 
For example, referring to Figures 21, 22 and 34, a support system for supporting a 
workpiece according to a seventeenth embodiment of the invention is shown 
generally at 1300 in Figure 34. In this embodiment, the support system 1300 includes 
a support member which acts as both a vertical and lateral support member, and 
which includes a moveable vertical support engagement portion engageable with a 
lower surface of the workpiece 24, as well as a lateral support engagement portion 
engageable with an outer edge of the workpiece. More particularly, in this 
embodiment the support member includes a supporting device 1302, which is a 
modified version of the supporting device 702 shown in Figure 22. In this 
embodiment, the moveable vertical support engagement portion of the supporting 
device 1302 includes the flexible support member 712, including the cladding layer 
714 and the casing 718 in which the flexible support member is secured to the 
workpiece plane plate 710. The lateral support engagement portion of the supporting 
device 1302 includes a second flexible support member 1304. In this embodiment, 
the second flexible support member 1304 is similar to the first flexible support 
member 712, and therefore also includes an optical quartz fiber, although 
alternatively, as discussed earlier herein, other types of fibers, or more generally other 
types of flexible support members, may be substituted if desired. By virtue of their 
flexibility in the present embodiment, the vertical and lateral support engagement 
portions are resiliently engageable with the workpiece. 
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In this embodiment, the second flexible support member 1304 has a smaller diameter 
than the first flexible support member 712. More particularly, in this embodiment the 
second flexible support member 1304 has a diameter of approximately 0.5 mm, 
whereas the first flexible support member 712 has a diameter of approximately 4 mm.' 
Alternatively, however, other suitable dimensions may be substituted as desired. 

In this embodiment, the second flexible support member 1304 includes an outer 
cladding layer 1306, which in this embodiment is the aluminum coating that is 
commercially sold with the optical quartz fiber. In this embodiment, the aluminum 
coating has been chemically removed from at least a portion of the second flexible 
support member 1304 that may possibly come into contact with the workpiece 24, to 
avoid contamination of the workpiece. In this embodiment and similar exemplary 
embodiments, the second flexible support member 1304 extends for a length of 10-20 
mm within the outer cladding layer 1306, and extends unclad for a further length of 
20-40 mm beyond the cladding layer, although alternatively, other suitable lengths 
maybe substituted if desired. 

In the present embodiment, the second flexible support member 1304 is secured to the 
first flexible support member 712 by a collar 1308. The collar 1308 may include 
stainless steel or titanium, for example, although alternatively, other suitable materials 
may be substituted. 

Alternatively, however, the second flexible support member 1304 may be connected 
to the remainder of the supporting device 1302 in any other suitable manner. 

If desired, the supporting device 1302 may include a retractor 1310, connected to a 
portion of the second flexible support member 1304, for retracting the second flexible 
support member 1304 toward the workpiece plane plate 710, to allow insertion or 
removal of the workpiece 24. Alternatively, the second flexible support member 1304 
may be pre-heated and pre-bent back toward the workpiece plane plate 710, to avoid 
the need for such a retractor. Or, as a further alternative, such pre-heating and pre- 
bending may be combined with a retractor in a given embodiment, if desired. 
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In the present embodiment, as with the embodiment shown in Figure 21, the support 
system 1300 includes a plurality of supporting devices similar to the supporting 
device 1302 shown in Figure 34, disposed at various intervals around the inner 
workpiece support aperture defined in the workpiece plane plate 710. Thus, the 
system 1300 includes a plurality of support members including a plurality of vertical 
and lateral support engagement portions engageable with the workpiece. 

Referring to Figure 35, as a further example of a combined lateral and vertical 
supporting device, a support system for supporting a workpiece according to an 
eighteenth embodiment of the invention is shown generally at 1400. In this 
embodiment, the support system 1400 includes a supporting device 1402. In the 
present embodiment, the supporting device 1402 includes a flexible support member 
1404, .which in this embodiment includes an optical quartz fiber. Alternatively, as 
discussed in connection with previous embodiments, other types of fibers, or more 
generally, other types of flexible support members, may be substituted. 

In this embodiment, the flexible support member 1404 includes first and second' 
spaced apart constrained portions, with an unconstrained portion extending in a 
curved path therebetween. More particularly, in this embodiment the first and second 
constrained portions include a fixed end 1406, and an adjustable end 1408. A 
workpiece plane plate 1410 acts as a first constrainer for constraining the first 
constrained portion, i.e. the fixed end 1406, which in this embodiment is attached to 
the workpiece plane plate 1410 in the vicinity of the workpiece 24, just below the 
plane of the workpiece 24. 

In this embodiment, the unconstrained portion of the support member 1404 extends 
along the curved path between the constrained portions, to form a first generally loop- 
shaped path segment 1412 extending from the first constrained portion below a plane 
of the workpiece 24 and contacting the workpiece at a lower surface thereof, a second 
generally loop-shaped path segment 1414 extending between an outer edge of the 
workpiece 24 and an inner edge of the workpiece plane plate 1410, and a third 
generally loop-shaped path segment 1416 extending above the plane of the workpiece 
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and contacting the workpiece at an upper surface thereof, the curved path terminating 
at the second constrained portion. More particularly, in this embodiment the flexible 
support member 1404 extends from its fixed end 1406 along the first generally loop- 
shaped path segment 1412 (in a clockwise direction as shown in Figure 35) below the 
plane of the workpiece, contacting and supporting the substrate side 28 of the 
workpiece 24 in the vicinity of the outer exclusion zone of the workpiece. The 
° flexible support member 1404 then continues to extend (clockwise) through the 
second generally loop-shaped path segment 1414 defined between the outer edge of 
the workpiece 24 and an innermost portion of the workpiece plane plate 1410. The 
flexible support member 1404 then continues to extend (clockwise) through the third 
generally loop-shaped path segment 1416 extending above the plane of the workpiece, 
re-entering the workpiece plane plate through an aperture 1422 defined in the upper 
surface of the workpiece plane plate. The adjustable end 1408 of the flexible support 
member 1404 enters and is secured in a second constrainer, which in this embodiment 
includes a length controller 1424, similar to the length controllers 1022 and 1026 
shown in Figure 31. Thus, the flexible support member 1404, due to its configuration, 
and in particular to the generally loop-shaped path segments 1412, 1414 and 1416, 
provides both vertical and lateral resilient support to the workpiece 24. In addition, 
this configuration of the flexible support member 1404 also partly suppresses the first 
and second natural vibration modes of the workpiece 24. 

In the present embodiment, the second constrainer, or more particularly the length 
controller 1424, acts as a retractor configured to retract the second constrained 
portion, to move the third generally loop-shaped path segment 1416 out of a volume 
defined above the upper surface of the workpiece. In this regard, the length controller 
1424 is remotely controllable from outside a process chamber in which the workpiece 
plane plate 1410 is located, to lengthen or shorten the effective length of the flexible 
support member 1404, thereby changing the shape and dimensions of the loop-shaped 
path in which it extends to resiliently support the workpiece. In particular, for some 
applications it is desirable to be able to sufficiently retract the flexible support 
member 1404 so that the third loop-shaped path segment is completely retracted out 
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of the volume above the plane of the workpiece 24, to allow the workpiece to be 
inserted for thermal processing or removed when thermal processing is complete. 

In this embodiment, the support system 1400 includes a plurality of supporting 
devices identical to the supporting device 1402, disposed at various intervals around 
the perimeter of the workpiece support aperture defined in the workpiece plane plate 
1410. For example, in exemplary embodiments similar to that shown in Figure 35, 
the support system may include between four and 20 such supporting devices, and the 
flexible support members of such devices may range from 0.5 - 2 mm in diameter, 
and from 50 mm to 300 mm in length. Alternatively, other numbers of supporting 
devices and dimensions of flexible support members may be substituted, if desired. 

If desired, the second generally loop-shaped path segment 1414 defined by the 
flexible support member 1404 may be attached to the workpiece plane plate 1410, for 
additional stability. Alternatively, such attachment may be omitted if desired. 

Referring to Figures 4 and 36, a heat-treating chamber according to a nineteenth 
embodiment of the invention is shown generally at 1500 in Figure 36. The chamber 
1500 is similar to the chamber 60 shown in Figure 4, but has been modified to include 
an additional quartz window 1510, mounted above and in close proximity to the 
device side 26 of the workpiece 24. More particularly, in this embodiment the 
window 1510 is mounted approximately 1 cm above a plane of the workpiece 24, 
although alternatively may be mounted at other distances from the workpiece, with a 
distance of 1 to 10 cm being preferred for the present embodiment. The window 1510 
is preferably cooled, and in this embodiment is gas-cooled, although alternatively may 
be cooled by water or other suitable liquids, depending on the wavelengths that the 
window is required to transmit for heating or measurement purposes. When the 
workpiece 24 experiences thermal bowing induced by a heating flash as described 
above, the pressure of process gases between the workpiece 24 and the window 1510 
provides resistance to vertical motion of the workpiece. Thus, in combination with 
moveable engagement portions of support members as described earlier herein, the 
additional gas pressure between the workpiece 24 and the window 1510 serves to 
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oppose vertical motion of the workpiece 24, thereby tending to minimize motion of a 
center of mass of the workpiece. As a collateral advantage, during the pre-heating 
stage to heat the workpiece to an intermediate temperature prior to the flash, the 
window 1510 also tends to reduce convective heat loss from the device side of the 
workpiece, resulting in improved temperature uniformity. 

Alternatively, a similar effect may be obtained without the window 1510, by moving 
the existing window 65 closer to the device side 26 of the workpiece 24. 

If desired, the plurality of moveable engagement portions of the plurality of support 
members may include a plurality of smooth-surfaced tips of a plurality of respective 
support pins. 

For example, referring to Figure 37, a supporting device according to a twentieth 
embodiment of the invention is shown generally at 1600. In this embodiment, the 
supporting device 1600 includes a support member 1608 having a smooth-surfaced tip 
1610. More particularly, in the present embodiment the smooth-surfaced tip 1610 is 
ball-shaped or hemispherical, although alternatively, other smooth surfaces may be 
substituted. Such smooth-surfaced tips tend to reduce friction and scratching of the 
workpiece 24. In this regard, scratching between the support members and the lower 
surface of the workpiece may cause undesirable particle contamination, and may also 
undesirably roughen the lower surface of the workpiece. Minimization of fractional 
forces is desirable not only to lower stress from point loading to reduce or prevent 
local stress and scratching in the vicinity of the points of contact between the support 
members and the workpiece, but also to lower the total stress to which the workpiece 
is subjected during thermal processing as described herein. 

In this embodiment, the support member 1608 is made of quartz, or more particularly, 
of an optical quartz fiber similar to those described, above in connection with other 
embodiments of the invention. More particularly still, in the present embodiment the 
smooth-surfaced tip 1610 of the support member 1608 is formed by using a laser to 
melt the tip of the support member, thereby forming a ball-shaped tip as the tip cools. 
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It has been found that such a method results in a smoother surface than typical cutting 
. and polishing approaches. 

Referring to Figures 16 and 37, in embodiments in which the fiber is clad, such as the 
aluminum cladding of the unconstrained portion 606 of each flexible support member 
5 602 shown in Figure 16, for example, the aluminum cladding is preferably removed 

from the tip prior to laser-melting to form the smooth-surfaced tip 1610. For 
example, the cladding may be chemically removed from a 2 mm length of the fiber in 
the vicinity of the tip prior to formation of the smooth-surfaced tip. 

Alternatively, the support member 1608 may be made of other materials, such as 
10 sapphire or any of the materials described earlier herein, for example. 

Or, as a further alternative, the support member 1608 may include metal. For 
example, the support member 1608 may include a support pin including tungsten, and 
at least the tip of the support pin may have an outer coating to reduce friction and 
scratching. The outer coating may include tungsten nitride or tungsten carbide, for 
example, although other types of coatings may be substituted. Or, as a further 
alternative, such coatings may be omitted. To achieve the desired smooth-surfaced tip 
1610 in the absence of a coating, the tip of the support member 1608 may be laser- 
melted to form a ball shape, in a manner similar to that described above in connection 
with quartz support members. Alternatively, other ways of achieving the desired 
smooth-surfaced tip 1610 may be substituted. 

Such smooth-surfaced support members 1608 may be employed in or substituted for 
support pins or other support members in other embodiments of the invention. 

Referring to Figures 20 and 38, a supporting device according to a twenty-first 
embodiment of the invention is shown generally at 1700 in Figure 38. The supporting 
25 device 1700 is similar to that shown in Figure 20. However, in this embodiment, a 

modified support member 1702 does not engage the workpiece 24 at the outer 
exclusion zone thereof, but rather, engages the workpiece at a further inward region, 
i.e., at a smaller radial distance from the center of the workpiece than the exclusion 
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zone. In this embodiment, the workpiece is supported by a plurality of similar support 
members whose moveable engagement portions engage the lower surface of the 
workpiece at a common radial distance from the center of the workpiece, at various 
angular intervals. 

In this regard, the positions at which the moveable engagement portions of the support 
members engage the workpiece may vary, depending on the particular application in 
question, the available resiliency or softness of the support members in question, and 
the desired balance between minimizing vertical launch of the wafer and suppressing 
higher-order vibrational modes of the workpiece resulting from the flash. For 
example, in some embodiments, the support pins may be positioned at an equilibrium 
radial distance from the center of the wafer, so that the thermal bowing produces a 
downward momentum of the outer portion of the wafer outside the equilibrium radial 
distance that tends to balance the upward momentum of the central region of the 
wafer, so that the wafer does not launch itself upward from the support pins. As an 
illustrative example, in an embodiment where the workpiece includes a silicon 
semiconductor wafer having a radius of 150 mm, and having axis symmetric natural 
vibration modes at frequencies of approximately 113 Hz (mode 1), 476 Hz (mode 2), 
and 1007 Hz (mode 3), setting the radial distance r for engagement of the moveable 
engagement portions of the support members equal to approximately 104 mm 
minimizes the tendency of the workpiece to launch itself upward. However, this 
positioning also tends to excite the second natural vibration mode of the wafer, which 
may tend to damage or even shatter the workpiece, depending upon the magnitude 
and rapidity of the device-side temperature jump. Thus, although such a 
configuration may be acceptable for some applications in which the moveable 
engagement portions are sufficiently "soft" (i.e., provide a sufficiently low resistance 
force and have sufficiently large ranges of motion) to reduce the excitation of the 
second natural vibration mode, such a configuration may be less desirable for 
embodiments in which the moveable engagement portions are less "soft". In 
comparison, positioning the moveable engagement portions at the outer exclusion 
zone typically tends to produce less excitation of higher order vibrational modes, but 
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also results in greater initial downward motion of the outer exclusion zone of the 
workpiece and the moveable engagement portions of the support members, which 
tends to increase the force applied between the workpiece and the support members, 
and which may result in greater vertical motion of center of mass of the workpiece. 
5 For many applications, engaging the engagement portions of the support members 

with the workpiece at a radial distance somewhere between the equilibrium distance 
which minimizes vertical launch, and the outer exclusion zone, will be acceptable. 

In the present embodiment, the modified support member 1702 is formed of a 
transparent material, to minimize shadowing effects on the workpiece. More 
10 particularly, in this embodiment the transparent material is quartz. Alternatively, 

other materials may be substituted. In this embodiment, the modified support member 
1702 is also reduced in size, to further reduce any remaining shadowing effects, and 
also to reduce its mass. 

Although thermal "bowing" and related oscillations or vibrations are the primary 
sources of thermally-induced motion described in connection with the above 
embodiments of the invention, alternatively, other embodiments of the invention may 
be applied to address other types of thermally-induced motion. For example, the 
thermally-induced motion may include thermal bending, and the support system may 
be configured to support the workpiece while allowing the thermal bending of the 
workpiece. 

In this regard, one recently proposed thermal processing method involves securely 
holding a substrate to a stage, by mechanical clamps, electrostatic or vacuum chucks, 
or equivalent grasping devices. A continuous wave electromagnetic radiation source 
is used with focusing optics to produce a line of radiation on an upper surface of the 
25 substrate. A translation mechanism is then used to move the stage and the radiation 

source relative to one another, to cause the line of radiation to scan across the upper 
surface of the substrate. However, the use of mechanical clamps or other such 
grasping devices to securely hold the substrate to the stage prevents thermally- 
induced bending of the substrate. In the absence of such clamping, the substrate 
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would tend to thermally bend along the line of radiation, in order to minimize its own 
internal stress. By preventing the substrate from bending, the use of such clamps or 
grasping devices causes increased thermal stress in the substrate, thereby increasing 
the likelihood of damage to or breakage of the substrate. 

Thus, in accordance with another embodiment of the present invention, support 
members comprising moveable engagement portions that are moveable to allow 
thermally-induced motion of the workpiece, such as the support members described 
above in connection with other embodiments of the invention, for example, may be 
substituted for the mechanical clamps or other grasping devices previously proposed 
for this particular thermal processing method. 

For example, referring back to Figures 13 and 14, supporting devices such as the 
supporting device 402 shown in Figure 13 may be provided to allow thermally- 
induced bending of the workpiece, thereby reducing internal stress in the workpiece 
as it is effectively scanned by the line of radiation. If desired, in order to maintain the 
unheated portion of the workpiece flat until it has been heated by the line of radiation, 
the controller 420 may be re-programmed, to retain the support member 404 and the 
suppressing member 414 in fixed positions until after the line of radiation has passed 
over the location at which the support member 404 and suppressing member 414 
engage the workpiece 24, and to thereafter allow thermally-induced bending of the 
workpiece 24. Thus, the relatively "cold" portion of the workpiece 24 which has not 
yet been heated is maintained flat for subsequent heating by the line of radiation, 
while at the same time, stress in the workpiece 24 is minimized by allowing 
thermally-induced motion of the portion of the workpiece that has already been 
heated. Alternatively, however, it will be appreciated that although maintaining the 
unheated portion of the workpiece flat until it has been heated by the line of radiation 
may be desirable (in order to maintain a constant angle and distance between the 
irradiance source and the portion of the workpiece being heated by the line of 
radiation), it may be omitted for some applications, in which case such re- 
programming of the controller 420 may be omitted. More generally, other moveable 
engagement portions of other types of support members may be substituted. 
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Alternatively, other types of moveable engagement portions of other types of support 
members may be substituted. 

It will be appreciated that in the foregoing embodiments, the various support systems 
are configured to absorb kinetic energy from the workpiece. For example, in the 
flexible support member embodiments described above, when the outer regions of the 
workpiece initially move downward during thermal bowing, thereby pushing the 
engagement portions of the support members downward and thus bending the support 
members, at least some of the kinetic energy of the workpiece is at least temporarily 
absorbed by the support members and stored as potential energy therein. 

Referring back to Figure 4, a method of heat-treating a workpiece according to a 
further embodiment of the invention may also be employed, preferably (although not 
necessarily) in conjunction with other embodiments of the invention disclosed herein. 
The method includes irradiating a surface of the workpiece during a time period 
having a duration less than a thermal conduction time of the workpiece and sufficient 
to allow at least some thermal bowing of the workpiece, to heat the surface to a 
desired temperature greater than that of a bulk of the workpiece. More particularly, in 
this embodiment the method includes irradiating the surface of the workpiece for a 
first time period less than the thermal conduction time of the workpiece, to heat the 
surface to an intermediate temperature greater than that of the bulk of the workpiece. 
The method then includes irradiating the surface for a second time period less than the 
thermal conduction time of the workpiece, to heat the surface to the desired 
temperature. The second time period commences within an interval following the 
first time period sufficient to allow at least some thermal bowing of the workpiece. 

More particularly still, in the present embodiment the heating device 64, which in the 
present embodiment includes a flash lamp, is used to irradiate the device side 26 
surface of the workpiece 24, during both the first and second time periods. In this 
embodiment, the thermal conduction time of the workpiece 24 is on the order of 10- 
15 ms, the first time period is on the order of 1 ms, and the second time period is also 
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on the order of 1 ms. The interval following the first time period (prior to 
commencement of the second time period) is on the order of several milliseconds. 

Also in this embodiment, the irradiance system, or more particularly the heating 
device 64 which includes the flash lamp, is configured to impart more radiant energy 
to the surface of the workpiece during the second time period than during the first 
time period, and is also configured to commence the second time period within 
several milliseconds following the end of the first time period. Thus, for example, the 
heating device 64 may irradiate the device side 26 of the workpiece to deliver 
approximately 10 J/cm 2 of energy to the device side during a first time period of one 
millisecond, then deliver no energy to the device side during the following several- 
millisecond interval, and then irradiate the device side to deliver approximately 20 
J/cm 2 of energy to the device side during a second time period of one millisecond. 

In this embodiment, immediately prior to irradiating the device side 26 with the 
heating device 64, the workpiece 24 is pre-heated by the pre-heating device 62, which 
irradiates the substrate side 28 to pre-heat the workpiece 24 to an intermediate 
temperature. This pre-heating occurs at a rate that is slower than the thermal 
conduction time of the workpiece, such as 100 °C/s to 400 °C/s, for example. The 
first time period, during which the device side 26 is first irradiated by the heating 
device 64, commences as soon as the intermediate temperature is reached. 

As noted earlier herein, such methods may serve to reduce thermal stress and suppress 
vibration in the workpiece. In this embodiment, following the irradiation by the 
heating device 64 of the device side 26 during the first time period of approximately 
one millisecond in duration, the device side 26 arrives at a first peak temperature 
roughly simultaneously with the end of the flash (t = 1ms). At that time, the 
workpiece 24 has only just begun to thermally bow, and has therefore achieved only a 
relatively small percentage of its maximum thermal bowing amplitude. The 
maximum thermal bowing amplitude is not achieved until several milliseconds later, 
at which time the workpiece has overshot its equilibrium shape. A millisecond or so 
later, the workpiece 24 is still significantly bowed but is returning toward its flat 
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position with significant return velocity. The heating device 64 subjects the device 
side 26 of the workpiece 24 to a second irradiance flash during the second time period 
of approximately 1 ms in duration. The interval between the first and second time 
periods (i.e., between the first and second heating flashes) is selected so that the 
resulting thermal bowing from the second irradiance flash occurs while the workpiece 
is already thermally bowed from the first flash and is returning toward its flat 
position. The stress in the workpiece produced by the thermal bowing resulting from 
the second flash is diminished, because the wafer is already thermally bowed due to 
the first flash. The thermal bowing resulting from the second flash also acts in a 
direction opposite to the existing return velocity of the workpiece as it attempts to 
return toward its flat position. Accordingly, the thermal bowing resulting from the 
second flash tends to suppress residual vibrations from the first flash. The 
combination of two such flash-heating stages in raf)id succession allows higher peak 
device side temperatures to be achieved, while suppressing residual vibrations in the 
workpiece. 

Alternatively, other irradiance powers and durations maybe substituted. 

For example, rather than irradiating the device side 26 with a sequence of two or more 
temporally spaced-apart irradiance flashes, the irradiance system may be configured 
to continuously irradiate the device side surface of the workpiece for an interval 
shorter than a thermal conduction time of the workpiece and sufficiently long to allow 
at least some thermal bowing of the workpiece. More particularly, the heating device 
64 may be operated to expose the device side 26 to a continuous irradiance pulse 
having a duration shorter than the 10 - 15 ms thermal conduction time of the 
workpiece but long enough to allow at least some thermal bowing of the workpiece. 
Such a pulse may extend over multiple milliseconds, such as about six milliseconds, 
for example. If desired, the irradiance system may be configured to vary an intensity 
of irradiance during the interval. For example, this may include irradiating the 
surface with a greater intensity during a later portion of the interval than during an 
earlier portion of the interval, for example. Thus, the pulse may be shaped so as to 
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deliver more energy to the surface of the workpiece during the latter half of the pulse 
duration than during the former half of the pulse duration. 



Further Alternatives 



Although a number of specific embodiments and alternatives have been described 
above, alternatively, other combinations of various aspects and features disclosed 
herein may be provided. For example, although the use of flexible support members 
such as optical quartz fibers has been described primarily in conjunction with passive 
mechanical support systems, alternatively, such flexible support members may also be 
provided in conjunction with active support systems, such as those shown in Figures 
6-14, for example. In such a case, a plurality of support members may include a 
plurality of flexible support members, each having a constrained portion and an 
unconstrained portion, as described above in connection with Figure 16, for example, 
and the moveable engagement portions may include the unconstrained portions. In 
such a case, a support member motion system as described above in connection with 
Figure 6, for example, which may include a plurality of actuators connected to the 
plurality of constrained portions, may be configured to move the constrained portions 
of the support members. These and other combinations of the features disclosed in 
this specification may be apparent to one of ordinary skill in the art upon review of 
this specification, and are not considered to depart from the scope of the present 
invention. 

In some embodiments, it will be appreciated that certain flexible support members 
may cause partial shadowing upon the workpiece 24. This may result in non-uniform 
heating of the workpiece in the vicinity of such shadows. To alleviate or reduce this 
difficulty, if desired, the use of optical fibers as flexible support members may be 
exploited, to convey additional irradiance from one or more irradiance sources (not 
shown) to the workpiece through the fibers themselves, to further irradiate the 
workpiece in the vicinity of such shadows, thereby reducing the non-uniformity of the 
irradiance field incident upon the workpiece. 
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More generally, while specific embodiments of the invention have been described and 
illustrated, such embodiments should be considered illustrative of the invention only 
and not as limiting the invention as construed in accordance with the accompanying 
claims. 
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WHAT IS CLAIMED IS: 

1. An apparatus for supporting a workpiece, the apparatus comprising a support 
system configured to support the workpiece while allowing thermally-induced 
motion of the workpiece. 

2. The apparatus of claim 1 wherein said support system comprises a support 
member having a moveable engagement portion engageable with the 
workpiece, wherein said engagement portion is moveable to allow the 
thermally-induced motion of the workpiece while supporting the workpiece. 

3. The apparatus of claim 2 wherein the workpiece comprises a semiconductor 
wafer, and wherein the moveable engagement portion is engageable with the 
semiconductor wafer to allow thermally-induced motion of the wafer while 
supporting the wafer. 

4. The apparatus of claim 2 wherein the engagement portion is automatically 
moveable in response to the thermally-induced motion of the workpiece. 

5. The apparatus of claim 2 wherein the engagement portion is moveable to 
minimize stress in the workpiece while supporting the workpiece during the 
thermally-induced motion. 

6. The apparatus of claim 1 wherein the support system is configured to allow 
motion of outer regions of the workpiece while maintaining a center of mass 
of the workpiece in a desired range. 

7. The apparatus of claim 6 wherein the support system is configured to 
minimize motion of the center of mass of the workpiece. 

8. The apparatus of claim 1 wherein the support system is configured to support 
the workpiece while allowing thermal bowing of the workpiece. 

9. The apparatus of claim 1 wherein the support system is configured to support 
the workpiece while allowing thermal bending of the workpiece. 
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10. The apparatus of claim 2 wherein the support member comprises a rigid 
moveable support member. 

11. The apparatus of claim 2 wherein the support member is flexible and has a 
constrained portion and an unconstrained portion, and wherein the moveable 

5 engagement portion comprises the unconstrained portion. 

12. The apparatus of claim 2 wherein the moveable engagement portion of the 
support member is resiliently engageable with the workpiece. 

13. The apparatus of claim 2 wherein the engagement portion of the support 
member comprises a plurality of moveable engagement portions of a plurality 

10 of respective support members. 

14. The apparatus of claim 13 wherein the plurality of moveable engagement 
portions of the plurality of respective support members comprises at least 
three moveable engagement portions of at least three respective support 
members. 

15 15. The apparatus of claim 13 wherein the plurality of moveable engagement 

portions of the plurality of respective support members comprises at least four 
moveable engagement portions of at least four respective support members. 

16. The apparatus of claim 2 wherein the support system is configured to suppress 
vibration of the workpiece. 

20 17. The apparatus of claim 16 wherein the support system is configured to 

suppress at least one natural vibration mode of the workpiece. 

18. The apparatus of claim 17 wherein the support system is configured to 
suppress a second natural vibration mode of the workpiece. 



19. 

25 



The apparatus of claim 17 wherein the support system is configured to 
suppress a first natural vibration mode of the workpiece. 
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20. The apparatus of claim 16 wherein the support system is configured to absorb 
kinetic energy from the workpiece. 

21. The apparatus of claim 13 wherein the plurality of moveable engagement 
portions of the plurality of support members comprises a plurality of tips of a 

5 plurality of respective support pins. 

22. The apparatus of claim 21 wherein the tips of the support pins are engageable 
with an outer perimeter zone of the workpiece. 

23. The apparatus of claim 22 wherein the support system is configured to 
automatically allow motion of the tips of the support pins in response to 

1 0 thermally-induced motion of the outer perimeter zone of the workpiece. 

24. The apparatus of claim 13 wherein each of the plurality of moveable 
engagement portions is resiliency engageable with the workpiece. 

25. The apparatus of claim 24 further comprising a plurality of force applicators in 
communication with the plurality of support members to apply forces thereto 

15 to cause each of the engagement portions to tend to maintain contact with the 

workpiece during the thermally-induced motion of the workpiece. 

26. The apparatus of claim 25 wherein each of the force applicators comprises a 
torque applicator. 

27. The apparatus of claim 26 wherein the torque applicator is configured to apply 
20 an upward force at a location on the support member interposed between a 

pivot point of the support member and the engagement portion. 

28. The apparatus of claim 26 wherein the torque applicator is configured to apply 
a downward force at a location on the support member such that a pivot point 
of the support member is interposed between the location and the engagement 

25 portion. 
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29. The apparatus of claim 25 wherein each of the force applicators comprises 
first and second torque applicators configured to apply first and second 
opposing torques to each of the support members, the second torque acting to 
oppose overshoot by the support member of an equilibrium position thereof. 

5 30. The apparatus of claim 25 wherein each of the force applicators comprises a 

spring connected to the support member. 

31. The apparatus of claim 30 wherein the spring comprises a constant force 
spring. 

32. The apparatus of claim 21 wherein the plurality of support pins comprise 
10 material that is transparent to at least some irradiance wavelengths with which 

the workpiece is capable of being irradiance-heated. 

33. The apparatus of claim 21 wherein the plurality of support pins comprise 
optically transparent material. 

34. The apparatus of claim 21 wherein the plurality of support pins comprise 
15 quartz. 

35. The apparatus of claim 21 wherein the plurality of support pins comprise 
sapphire. 

36. The apparatus of claim 21 wherein the plurality of support pins comprise 
metal. 

20 37. The apparatus of claim 21 wherein the plurality of support pins comprise 

tungsten. 

38. The apparatus of claim 21 wherein each of the plurality of tips of the plurality 
of respective support pins has an outer coating. 

39. The apparatus of claim 38 wherein the outer coating comprises tungsten 
25 nitride. 
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40. The apparatus of claim 38 wherein the outer coating comprises tungsten 
carbide. 

41. The apparatus of claim 13 wherein the plurality of moveable engagement 
portions of the plurality of support members comprises a plurality of smooth- 

5 surfaced tips of a plurality of respective support pins. 

42. The apparatus of claim 13 further comprising a support member motion 
system configured to move the moveable engagement portions in response to 
the thermally-induced motion of the workpiece. 

43. The apparatus of claim 42 wherein the support member motion system is 
10 configured to move the support members in response to the thermally-induced 

motion of the workpiece. 

44. The apparatus of claim 43 wherein the motion system comprises, for each of 
the support members, a respective actuator connected to the support member. 

45. The apparatus of claim 44 wherein the motion system is configured to apply 
15 an electric current to each of the actuators to move each of the support 

members. 

46. The apparatus of claim 44 wherein each of the actuators comprises a voice- 
coil actuator connected to the support member. 

47. The apparatus of claim 44 wherein each of the actuators comprises a 
20 piezoelectric actuator connected to the support member. 

48. The apparatus of claim 44 wherein each of the actuators comprises a linear 
servo actuator connected to the support member. 

49. The apparatus of claim 44 wherein the motion system further comprises, for 
each of the actuators, a motion translator configured to translate a linear 

25 motion of a moveable member of the actuator into an arcuate motion of the 

support member. 
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50. The apparatus of claim 43 wherein the motion system comprises at least one 
controller configured to adjust positions of the plurality of support members to 
minimize a difference between a weight of the workpiece and an upward force 
applied to the workpiece by the plurality of engagement portions of the 

5 plurality of support members. 

51. The apparatus of claim 43 wherein the motion system comprises at least one 
controller configured to adjust positions of the support members to maintain a 
difference between a weight of the workpiece and an upward force applied to 
the workpiece by the engagement portions of the support members within a 

10 desired range. 

52. The apparatus of claim 42 wherein the motion system is configured to move 
the support members in response to a predicted value of the thermally-induced 
motion. 

53. The apparatus of claim 42 wherein the motion system is configured to move 
15 the support members in response to a detected parameter of the thermally- 
induced motion. 

54. The apparatus of claim 42 further comprising at least one detector configured 
to detect the thermally-induced motion of the workpiece. 

55. The apparatus of claim 54 wherein the motion system comprises a plurality of 
20 actuators each of which is connected to a respective one of the plurality of 

support members, and wherein the at least one detector is configured to detect, 
in each of the plurality of actuators, an electric current resulting from a force 
applied to the engagement portion of the respective support member by the 
motion of the workpiece. 

25 56. The apparatus of claim 55 further comprising at least one controller 

configured to apply an electric current to each of the actuators to move the 
engagement portions. 
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57. The apparatus of claim 56 wherein the plurality of actuators comprises a 
plurality of voice-coil actuators. 

58. The apparatus of claim 55 wherein, for each actuator, the at least one detector 
is configured to detect a deviation of the electric current from a desired 
electric current level, and the at least one controller is configured to control the 
actuator to adjust a position of the support member so as to minimize the 
deviation. 

59. The apparatus of claim 54 wherein the at least one detector comprises at least 
one processor circuit in communication with the actuators. 

60. The apparatus of claim 59 wherein the at least one detector comprises a 
plurality of processor circuits, each in communication with a respective one of 
the plurality of actuators. 

61. The apparatus of claim 56 wherein the at least one controller comprises at 
least one processor circuit in communication with the actuators. 

62. The apparatus of claim 61 wherein the at least one controller comprises a 
plurality of processor circuits, each in communication with a respective one of 
the plurality of actuators. 

63. The apparatus of claim 56 wherein the at least one controller comprises the at 
least one detector. 

64. The apparatus of claim 13 wherein the plurality of moveable engagement 
portions of the plurality of support members comprises a first plurality of 
moveable engagement portions of a first plurality of respective support 
members engageable with a lower surface of the workpiece and a second 
plurality of moveable engagement portions of a second plurality of support 
members engageable with an upper surface of the workpiece. 
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65. The apparatus of claim 64 wherein the first and second pluralities of 
engagement portions are respectively engageable with the lower and upper 
surfaces of the workpiece at an outer perimeter zone of the workpiece. 

66. The apparatus of claim 42 wherein the motion system is configured to move 
5 the engagement portions to minimize forces applied between the workpiece 

and the engagement portions. 

67. The apparatus of claim 66 wherein the plurality of engagement portions of the 
plurality of support members comprises a first plurality of moveable 
engagement portions of a first plurality of respective support members 

10 engageable with a lower surface of the workpiece, and wherein the motion 

system is configured to move the first plurality of engagement portions to 
minimize a difference between a weight of the workpiece and a force applied 
between the first plurality of engagement portions and the workpiece. 

68. The apparatus of claim 67 wherein the plurality of engagement portions of the 
1 5 plurality of support members further comprises a second plurality of moveable 

engagement portions of a second plurality of respective support members 
engageable with an upper surface of the workpiece and wherein the motion 
system is configured to move the second plurality of engagement portions to 
minimize a force applied between the workpiece and the second plurality of 
20 engagement portions. 

69. The apparatus of claim 42 wherein each of the plurality of moveable 
engagement portions is resiliency engageable with the workpiece, and wherein 
the motion system is configured to move the plurality of support members in 
response to the thermally-induced motion. 

25 70. The apparatus of claim 69 further comprising a plurality of torque applicators 

configured to apply torques to the support members about respective pivot 
points thereof to cause the engagement portions to tend to maintain contact 



WO 2004/057650 



PCT/CA2003/001959 



-90- 



71. 



72. 



73. 



74. 



75. 



76. 



77. 



78. 



with the workpiece, and wherein the motion system is configured to move the ' 
pivot points of the support members. 

The apparatus of claim 70 wherein the plurality of torque applicators 
comprises a plurality of springs connected to the support members at locations 
other than the pivot points thereof, and wherein the motion system is 
configured to apply electric currents to a plurality of actuators connected to the 
plurality of support members to move the support members. 

The apparatus of claim 69 wherein the plurality of support members comprises 
a plurality of flexible support members, each having a constrained portion and 
an unconstrained portion; wherein the unconstrained portions are resiliently 
engageable with the workpiece; and wherein the motion system is configured 
to move the constrained portions of the support members. 

The apparatus of claim 72 wherein the plurality of actuators are connected to 
the plurality of constrained portions. 

The apparatus of claim 69 further comprising a detector configured to detect 
the thermally-induced motion of the workpiece. 

The apparatus of claim 13 wherein the plurality of support members comprises 
a plurality of flexible support members each having an unconstrained portion 
and a constrained portion, and wherein the moveable engagement portions 
comprise the unconstrained portions of the flexible support members. 

The apparatus of claim 75 wherein the plurality of flexible support members 
comprises a plurality of fibers. 

The apparatus of claim 76 wherein the plurality of fibers comprises a plurality 
of optical fibers. 

The apparatus of claim 76 wherein the plurality of fibers comprises a plurality 
of quartz fibers. 
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79. The apparatus of claim 76 wherein the plurality of fibers comprises a plurality 
of sapphire fibers. 

80. The apparatus of claim 75 further comprising at least one constrainer 
configured to constrain the constrained portions of the flexible support 

5 members. 

81. The apparatus of claim 80 wherein the at least one constrainer comprises a 
plurality of constrainers disposed around an outer perimeter of the workpiece. 

82. The apparatus of claim 81' wherein the plurality of constrainers consists of 
fewer constrainers than the number of the flexible support members, and 

10 wherein each of the constrainers is configured to constrain more than one of 

the flexible support members. 

83. The apparatus of claim 82 wherein each of the constrainers is configured to 
constrain the more than one of the flexible support members generally parallel 
to each other. 

15 84. The apparatus of claim 82 wherein each of the constrainers is configured to 

constrain the more than one of the flexible support members generally 
divergent from each other. 

85. The apparatus of claim 8i wherein the plurality of constrainers consists of the 
same number of constrainers as the number of the flexible support members, 

20 and wherein each of the constrainers is configured to constrain a respective 

corresponding one of the constrained portions. 

86. The apparatus of claim 81 further comprising a plurality of force applicators 
configured to apply forces to the plurality of constrainers to cause each of the 
unconstrained portions to tend to maintain contact with the workpiece during 

25 the thermally-induced motion of the workpiece. 
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87. 



88. 



89. 



90. 



91. 



92. 



93. 



94. 



95. 



The apparatus of claim 86 wherein the plurality offeree applicators comprises 
a plurality of torque applicators. 

The apparatus of claim 86 wherein the plurality offeree applicators comprises 
a plurality of springs. 

The apparatus of claim 75 wherein each of the engagement portions is 
engageable with a lower surface of the workpiece at an angle of 10 to 80 
degrees relative to a plane of the workpiece. 

The apparatus of claim 75 wherein each of the engagement portions is 
engageable with a lower surface of the workpiece at an angle of 15 to 35 
degrees relative to a plane of the workpiece. 

The apparatus of claim 75 wherein each of the engagement portions is 
engageable with a lower surface of the workpiece at an angle of 25 degrees 
relative to a plane of the workpiece. 

The apparatus of claim 80 wherein each of the flexible support members 
comprises the constrained portion at an end thereof, and wherein the 
unconstrained portion extends inwardly from the constrained portion toward a 
central region of the workpiece. 

The apparatus of claim 92 wherein an inner tip of the each of the 
unconstrained portions extends inwardly past an outer edge of the workpiece, 
and wherein the engagement portion comprises an intermediate point along the 
unconstrained portion between the constrained portion and the inner tip, the 
intermediate point being engageable with the outer edge of the workpiece. ' 

The apparatus of claim 80 wherein the at least one constrainer comprises a 
workpiece plane plate surrounding the workpiece. 

The apparatus of claim 94 wherein the constrainer comprises at least one 
clamp for clamping the constrained portions. 
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96. The apparatus of claim 94 wherein the workpiece plane plate defines a 
plurality of workpiece support apertures in an inner surface thereof, and 
wherein the constrained portions are affixed to the workpiece plane plate with 
the unconstrained portions extending inwardly toward the workpiece through 
the workpiece support apertures. 

97. The apparatus of claim 94 wherein the workpiece plane plate is configured to 
constrain the constrained portions in a generally horizontal direction to cause 
the unconstrained portions to extend generally horizontally inwardly toward 
the central region of the workpiece while downwardly sagging. 

98. The apparatus of claim 97 wherein the unconstrained portions are engageable 
with an outer edge of the workpiece. 

99. The apparatus of claim 98 wherein the unconstrained portions are engageable 
with the outer edge of the workpiece at an angle of less than about 10 degrees 
downward relative to a plane of the workpiece. 

100. The apparatus of claim 94 wherein the plurality of flexible support members 
comprises a plurality of elongated flexible support members. 

101. The apparatus of claim 100 wherein the plurality of elongated flexible support 
members comprises at least twenty elongated flexible support members. 

102. The apparatus of claim 100 wherein the plurality of elongated flexible support 
members comprises at least fifty elongated flexible support members. 

103. The apparatus of claim 75 wherein each of the flexible support members 
comprises first and second spaced apart constrained portions with the 
unconstrained portion extending in a curved path therebetween. 

104. The apparatus of claim 80 wherein each of the flexible support members 
comprises first and second constrained portions at opposite ends of the support 
member defining the unconstrained portion therebetween, and wherein the at 



WO 2004/057650 



PCT/CA2003/001959 



-94- 



least one constraint comprises first and second constrainers configured to 
constrain the first and second constrained portions in spaced apart relation to 
cause the unconstrained portion to extend in a curved path therebetween. 

105. The apparatus of claim 103 wherein the unconstrained portion extends along 
the curved path from the first constrained portion upwardly and inwardly 
toward the workpiece to a region of contact therewith and to extend from the 
region of contact downwardly and outwardly to the second constrained 
portion. 

106. The apparatus of claim 105 wherein the unconstrained portion extends along 
the curved path such that a tangent to the unconstrained portion at the region 
of contact is substantially parallel to a tangent to an outer circumference of the 
workpiece in the vicinity of the region of contact. 

107. The apparatus of claim 105 wherein the unconstrained portion extends along 
the curved path such that a tangent to the unconstrained portion at the region 
of contact extends radially inward toward a center of the workpiece. 

108. The apparatus of claim 103 wherein the unconstrained portion extends along 
the curved path to form a first generally loop-shaped path segment extending 
from the first constrained portion below a plane of the workpiece and 
contacting the workpiece at a lower surface thereof, a second generally loop- 
shaped path segment extending between an outer edge of the workpiece and an 
inner edge of a workpiece plane plate, and a third generally loop-shaped path 
segment extending above the plane of the workpiece and contacting the 
workpiece at an upper surface thereof, the curved path terminating at the 
second constrained portion. 

109. The apparatus of claim 108 further comprising a retractor configured to retract 
the second constrained portion to move the third generally loop-shaped path 
segment out of a volume defined above the upper surface of the workpiece. 
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110. The apparatus of claim 103 wherein the first and second constrained portions 
are affixed to a workpiece plane plate to prevent motion of the constrained 
portions. 

111. The apparatus of claim 103 wherein at least one of the first and second 
constrained portions is retractably constrained. 

112. The apparatus of claim 111 further comprising a retractor configured to retract 
the at least one of the first and second constrained portions to effectively 
shorten the unconstrained portion. 

113. The apparatus of claim 111 further comprising a retractor configured to extend 
the at least one of the first and second constrained portions to effectively 
lengthen the unconstrained portion. 

114. The apparatus of claim 75 wherein the plurality of flexible support members 
comprises first and second pluralities of elongated flexible support members, 
wherein the unconstrained portions of the first plurality of flexible support 
members are engageable with a lower surface of the workpiece and wherein 
the unconstrained portions of the second plurality of flexible support members 
are engageable with an upper surface of the workpiece. 

115. The apparatus of claim 2 further comprising a lateral support member 
configured to laterally support the workpiece. 

116. The apparatus of claim 115 wherein the lateral support member comprises a 
plurality of lateral support members at respective positions relative to an outer 
edge of the workpiece. 

117. The apparatus of claim 116 wherein each the plurality of lateral support 
members is resiliency engageable with the outer edge of the workpiece. 

118. The apparatus of claim 116 wherein the plurality of lateral support members 
comprises a plurality of flexible fibers. 
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119. The apparatus of claim 118 wherein the flexible fibers are positioned at an 
angle substantially normal to a plane of the workpiece. 

120. The apparatus of claim 115 wherein the support member comprises the lateral 
support member, and wherein the support member comprises a moveable 
vertical support engagement portion engageable with a lower surface of the 
workpiece, and a lateral support engagement portion engageable with an outer 
edge of the workpiece. 

121. The apparatus of claim 120 wherein the support member comprises a plurality 
of support members comprising a plurality of vertical and lateral support 
engagement portions engageable with the workpiece. 

122. The apparatus of claim 120 wherein the vertical and lateral support 
engagement portions are resiliently engageable with the workpiece. 

123. The apparatus of claim 120 wherein the vertical and lateral support 
engagement portions are flexible. 

124. The apparatus of claim 123 wherein the vertical and lateral support 
engagement portions comprise first and second fibers. 

125. The apparatus of claim 118 wherein the fibers comprise optical fibers. 

126. The apparatus of claim 118 wherein the fibers comprise quartz fibers. 

127. The apparatus of claim 118 wherein the fibers comprise sapphire fibers. 

128. The apparatus of claim 1 further comprising a heating system configured to 
heat a surface of the workpiece relative to a bulk of the workpiece to cause the 
thermally-induced motion of the workpiece. 

129. The apparatus of claim 128 wherein the heating system comprises an 
iiradiance system configured to irradiate the surface of the workpiece. 
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130. The apparatus of claim 129 wherein the irradiance system is configured to 
irradiate the surface for a time period shorter than a thermal conduction time 
of the workpiece to heat the surface to a greater temperature than a 
temperature of the bulk of the workpiece. 

131. The apparatus of claim 130 wherein the irradiance system is configured to 
irradiate the surface for a time period of less than about 1 millisecond. 

132. The apparatus of claim 129 wherein the irradiance system is configured to: 

irradiate the surface of the workpiece for a first time period less than 
the thermal conduction time of the workpiece, to heat the surface to an 
intermediate temperature greater than that of the bulk of the workpiece; 
and 

irradiate the surface for a second time period less than the thermal 
conduction time of the workpiece, to heat the surface to the desired 
temperature greater than the intermediate temperature, wherein the 
second time period commences within an interval following the first 
time period sufficient to allow at least some thermal bowing of the 
workpiece. 

133. The apparatus of claim 132 wherein the irradiance system is configured to 
impart more radiant energy to the surface of the workpiece during the second 
time period than during the first time period. 

134. The apparatus of claim 132 wherein the irradiance system is configured to 
commence the second time period within several milliseconds following the 
end of the first time period. 

135. The apparatus of claim 129 wherein the irradiance system is configured to 
continuously irradiate the surface of the workpiece for an interval shorter than 
a thermal conduction time of the workpiece and sufficiently long to allow at 
least some thermal bowing of the workpiece. 



WO 2004/057650 



PCT/CA2003/001959 



-98- 

136. The apparatus of claim 129 wherein the irradiance system is configured to 
vary an intensity of irradiance during the interval. 

137. The apparatus of claim 136 wherein the irradiance system is configured to 
irradiate the surface with a greater intensity during a later portion of the 
interval than during an earlier portion of the interval. 

138. The apparatus of claim 129 wherein the irradiance system comprises a flash 
lamp. 

139. The apparatus of claim 138 wherein the flash lamp comprises a liquid-cooled 
arc lamp. 



140. The apparatus of claim 138 wherein the flash lamp comprises a water-wall 



arc 



141. The apparatus of claim 140 wherein me water-wall arc lamp comprises a 
double-water-wall arc lamp. 

142. A method of supporting a workpiece, the method comprising supporting the 
workpiece while allowing thermally-induced motion of the workpiece. 

143. The method of claim 142 wherein supporting comprises engaging a moveable 
engagement portion of a support member with the workpiece, said 
engagement portion being moveable to allow the thermally-induced motion of 
the workpiece while supporting the workpiece. 

144. The method of claim 143 wherein engaging comprises engaging the moveable 
engagement portion of the support member with a semiconductor wafer to 
allow thermally-induced motion of the wafer while supporting the wafer. 

145. The method of claim 143 further comprising automatically allowing motion of 
the engagement portion in response to the thermally-induced motion of me 
workpiece. 
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146. The method of claim 143 wherein allowing the thermally-induced motion 
comprises allowing motion of the engagement portion to minimize stress in 
the workpiece while supporting the workpiece during the thermally-induced 
motion. 

5 147. The method of claim 142 wherein allowing the thermally-induced motion 

comprises allowing motion of outer regions of the workpiece while 
maintaining a center of mass of the workpiece in a desired range. 

148. The method of claim 147 wherein maintaining comprises minimizing motion 
of the center of mass of the workpiece. 

10 149. The method of claim 142 wherein allowing comprises allowing thermal 

bowing of the workpiece. 

150. The method of claim 142 wherein allowing comprises allowing thermal 
bending of the workpiece. 

151. The method of claim 143 wherein engaging comprises engaging with the 
15 workpiece, as the engagement portion, a portion of a rigid moveable support 

member. 

152. The method of claim 143 wherein the support member is flexible and has a 
constrained portion and an unconstrained portion, and wherein engaging 
comprises engaging the unconstrained portion with the workpiece. 

20 153. The method of claim 143 wherein engaging comprises resiliency engaging the 

moveable engagement portion of the support member with the workpiece. 

154. The method of claim 143 wherein engaging comprises engaging a plurality of 
moveable engagement portions of a plurality of respective support members 
with the workpiece. 
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155. The method of claim 154 wherein engaging comprises engaging at least three 
moveable engagement portions of at least three respective support members 
with the workpiece. 

156. The method of claim 154 wherein engaging comprises engaging at least four 
moveable engagement portions of at least four respective support members 
with the workpiece. 

157. The method of claim 143 further comprising suppressing vibration of the 
workpiece. 

158. The method of claim 157 wherein suppressing comprises suppressing at least 
one natural vibration mode of the workpiece. 

159. The method of claim 158 wherein suppressing comprises suppressing a second 
natural vibration mode of the workpiece. 

160. The method of claim 158 wherein suppressing comprises suppressing a first 
natural vibration mode of the workpiece. 

161. The method of claim 157 wherein suppressing comprises absorbing kinetic 
energy from the workpiece. 

162. The method of claim 154 wherein engaging comprises engaging a plurality of 
tips of a plurality of respective support pins with the workpiece. 

163. The method of claim 162 wherein engaging comprises engaging the tips of the 
support pins with an outer perimeter zone of the workpiece. 

164. The method of claim 163 further comprising automatically allowing motion of 
the tips of the support pins in response to thermally-induced motion of the 
outer perimeter zone of the workpiece. 



'• The method of claim 154 wherein engaging comprises resiliently engaging 
each of the moveable engagement portions with the workpiece. 
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166. The method of claim 165 wherein resiliency engaging comprises applying a 
force to each of the support members to cause each engagement portion to 
tend to maintain contact with the workpiece during the thermally-induced 
motion of the workpiece. 

167. The method of claim 166 wherein applying a force comprises applying a 
torque to each of the support members. 

168. The method of claim 167 wherein applying a torque comprises applying an 
upward force at a location on each support member interposed between a pivot 
point of the support member and the engagement portion. 

169. The method of claim 167 wherein applying a torque comprises applying a 
downward force at a location on each support member such that a pivot point 
of the support member is interposed between the location and the engagement 
portion. 

170. The method of claim 166 wherein applying a force comprises applying first 
and second forces to apply first and second opposing torques to each of the 
support members, the second torque acting to oppose overshoot by the support 
member of an equilibrium position thereof. 

171. The method of claim 166 wherein applying a force comprises applying a 
spring force. 

172. The method of claim 171 wherein applying the spring force comprises 
applying the force with a spring connected to each of the support members. 

173. The method of claim 171 wherein applying the spring force comprises 
applying a constant force with a constant force spring connected to each of the 
support members. 

174. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of tips of a plurality of respective support pins 
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comprising material that is transparent to at least some irradiance wavelengths 
with which the workpiece is capable of being irradiance-heated. 

175. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of tips of a plurality of respective support pins 
comprising optically transparent material 

176. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of tips of a plurality of respective support pins 
comprising quartz. 

177. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of tips of a plurality of respective support pins 
comprising sapphire. 

178. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of tips of a plurality of respective support pins 
comprising metal. 

179. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of tips of a plurality of respective support pins 
comprising tungsten. 

180. The method of claim 162 wherein engaging comprises engaging, with the 
workpiece, a plurality of coated tips of a plurality of respective support pins, 
with the workpiece. 

181. The method of claim 180 wherein engaging comprises engaging a plurality of 
tungsten nitride coated tips of a plurality of respective tungsten support pins 
with the workpiece. 

182. The method of claim 180 wherein engaging comprises engaging a plurality of 
tungsten carbide coated tips of a plurality of respective tungsten support pins 
with the workpiece. 
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183. The method of claim 154 wherein engaging comprises engaging a plurality of 
smooth-surfaced tips of a plurality of respective support pins with the 
workpiece. 

184. The method of claim 154 further comprising moving the moveable 
engagement portions in response to the thermally-induced motion of the 
workpiece. 

185. The method of claim 184 wherein moving the moveable engagement portions 
comprises moving the support members. 

186. The method of claim 185 wherein moving the support members comprises, for 
each of the support members, applying an electric current to an actuator 
connected to the support member. 

187. The method of claim 186 wherein applying an electric current comprises 
applying an electric current to a voice-coil actuator connected to the support 
member. 

188. The method of claim 186 wherein applying an electric current comprises 
applying an electric current to a piezoelectric actuator connected to the support 
member. 

189. The method of claim 186 wherein applying an electric current comprises 
applying an electric current to a linear servo actuator connected to the support 
member. 

190. The method of claim 186 further comprising translating a linear motion of a 
moveable member of the actuator into an arcuate motion of the support 
member. 

191. The method of claim 185 wherein moving comprises adjusting positions of the 
plurality of support members to minimize a difference between a weight of the 
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workpiece and an upward force applied to the workpiece by the plurality of 
engagement portions of the plurality of support members, 

192. The method of claim 185 wherein moving comprises adjusting positions of the 
support members to maintain a difference between a weight of the workpiece 
and an upward force applied to the workpiece by the engagement portions of 
the support members within a desired range. 

193. The method of claim 184 wherein moving the engagement portions in 
response to the thermally-induced motion comprises moving the support 
members in response to a predicted value of the thermally-induced motion. 

194. The method of claim 184 wherein moving the engagement portions in 
response to the thermally-induced motion comprises moving the support 
members in response to a detected parameter of the thermally-induced motion. 

195. The method of claim 184 further comprising detecting the thermally-induced 
motion of the workpiece. 

196. The method of claim 195 wherein detecting comprises detecting, in each of a 
plurality of actuators each of which is connected to a respective one of the 
plurality of support members, an electric current resulting from a force applied 
to the engagement portion of the support member by the motion of the 
workpiece. 

197. The method of claim 196 wherein moving the engagement portions comprises 
applying an electric current to each of the actuators. 

198. The method of claim 196 wherein detecting the electric current comprises 
detecting the current in each of a plurality of voice-coil actuators each of 
which is connected to a respective one of the support members, and wherein 
moving the engagement portions comprises applying electric currents to the 
voice-coil actuators. 



WO 2004/057650 



PCT/CA2003/001959 



-105- 

199. The method of claim 196 wherein detecting the electric current comprises, for 
each actuator, detecting a deviation of the electric current from a desired 
electric current level, and wherein moving the engagement portions comprises, 
for each support member, adjusting a position of the support member to 
minimize the deviation. 

200. The method of claim 199 wherein detecting the deviation comprises detecting 
the deviation at a processor circuit in communication with the actuator. 

201. The method of claim 154 wherein engaging comprises engaging a first 
plurality of moveable engagement portions of a first plurality of respective 
support members with a lower surface of the workpiece and engaging a second 
plurality of engagement portions of a second plurality of support members 
with an upper surface of the workpiece. 

202. The method of claim 201 wherein engaging comprises engaging the first and 
second pluralities of engagement portions with the lower and upper surfaces of 
the workpiece at an outer perimeter zone of the workpiece. 

203. The method of claim 184 wherein moving comprises moving the engagement 
portions to minimize forces applied between the workpiece and the 
engagement portions. 

204. The method of claim 203 wherein moving comprises moving a first plurality 
of engagement portions of a first plurality of respective support members 
engaged with a lower surface of the workpiece to minimize a difference 
between a weight of the workpiece and a force applied between the first 
plurality of engagement portions and the workpiece. 

205. The method of claim 204 wherein moving further comprises moving a second 
plurality of engagement portions of a second plurality of support members 
engaged with an upper surface of the workpiece to minimize a force applied 
between the workpiece and the second plurality of engagement portions. 
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206. The method of claim 184 wherein engaging comprises resiliently engaging the 
engagement portions of the support members with the workpiece, and wherein 
moving comprises moving the support members in response to the thermally- 
induced motion. 

207. The method of claim 206 wherein resiliently engaging comprises applying 
torques to the support members about respective pivot points thereof to cause 
the engagement portions to tend to maintain contact with the workpiece, and 
wherein moving comprises moving the pivot points of the support members. 

208. The method of claim 207 wherein applying torques comprises applying spring 
forces to the support members at locations other than the pivot points thereof, 
and wherein moving comprises applying electric currents to a plurality of 
actuators connected to the plurality of support members to move the support 
members. 

209. The method of claim 206 wherein the plurality of support members comprises 
a plurality of flexible support members, each having a constrained portion and 
an unconstrained portion; wherein resiliently engaging comprises resiliently 
engaging the unconstrained portions of the flexible support members with the 
workpiece; and wherein moving comprises moving the constrained portions 
of the support members. 

210. The method of claim 209 wherein moving comprises applying electric currents 
to a plurality of actuators connected to the plurality of constrained portions. 

211. The method of claim 206 further comprising detecting the thermally-induced 
motion of the workpiece. 

212. The method of claim 154 wherein the plurality of support members comprises 
a plurality of flexible support members each having an unconstrained portion 
and a constrained portion, and wherein engaging the plurality of moveable 
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engagement portions comprises engaging the unconstrained portions of the 
flexible support members with the workpiece. 

213. The method of claim 212 wherein the plurality of flexible support members 
comprises a plurality of fibers, and wherein engaging comprises engaging the 
unconstrained portions of the fibers with the workpiece. 

214. The method of claim 212 wherein the plurality of flexible support members 
comprises a plurality of optical fibers, and wherein engaging comprises 
engaging the unconstrained portions of the optical fibers with the workpiece. 

215. The method of claim 212 wherein the plurality of flexible support members 
comprises a plurality of quartz fibers, and wherein engaging comprises 
engaging the unconstrained portions of the quartz fibers with the workpiece. 

216. The method of claim 212 wherein the plurality of flexible support members 
comprises a plurality of sapphire fibers, and wherein engaging comprises 
engaging the unconstrained portions of the sapphire fibers with the workpiece. 

217. The method of claim 212 further comprising constraining each of the 
constrained portions of the flexible support members. 

218. The method of claim 217 wherein constraining comprises constraining the 
constrained portions in a plurality of constrainers disposed around an outer 
perimeter of the workpiece. 

219. The method of claim 218 wherein the plurality of constrainers consists of 
fewer constrainers than the number of the flexible support members, and 
wherein constraining comprises constraining more than one of the flexible 
support members in each of the constrainers. 

220. The method of claim 219 wherein constraining comprises, in each of the 
constrainers, constraining the more than one of the flexible support members 
generally parallel to each other. 
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221. The method of claim 219 wherein constraining comprises, in each of the 
constrainers, constraining the more than one of the flexible support members 
generally divergent from each other. 

222. The method of claim 218 wherein the plurality of constrainers consists of the 
same number of constrainers as the number of the flexible support members, 
and wherein constraining comprises constraining each of the constrained 
portions in a respective corresponding one of the constrainers. 

223. The method of claim 218 wherein engaging comprises applying a force to 
each of the constrainers to cause each of the unconstrained portions to tend to 
maintain contact with the workpiece during the thermally-induced motion of 
the workpiece. 

224. The method of claim 223 wherein applying a force comprises applying a 
torque. 

225. The method of claim 223 wherein applying a force comprises applying a 
spring force. 

226. The method of claim 212 wherein engaging comprises engaging each of the 
engagement portions with a lower surface of the workpiece at an angle of 10 
to 80 degrees relative to a plane of the workpiece. 

227. The method of claim. 212 wherein engaging comprises engaging each of the 
engagement portions with a lower surface of the workpiece at an angle of 15 
to 35 degrees relative to a plane of the workpiece. 

228. The method of claim 212 wherein engaging comprises engaging each of the 
engagement portions with a lower surface of the workpiece at an angle of 25 
degrees relative to a plane of the workpiece. 

229. The method of claim 217 wherein each of the flexible support members 
comprises the constrained portion at an end thereof, and wherein constraining 
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comprises constraining the constrained portion to cause the unconstrained 
portion to extend inwardly toward a central region of the workpiece. 

230. The method of claim 229 wherein an inner tip of the each of the unconstrained 
portions extends inwardly past an outer edge of the workpiece, and wherein 
engaging comprises engaging, with the outer edge of the workpiece, an 
intermediate point along the unconstrained portion between the constrained 
portion and the inner tip. 

231. The method of claim 217 wherein constraining comprises constraining the 
constrained portions in a workpiece plane plate surrounding the workpiece. 

232. The method of claim 231 wherein constraining comprises clamping. 

233. The method of claim 231 wherein constraining each of the constrained 
portions comprises affixing the constrained portion to the workpiece plane 
plate with the unconstrained portion extending inwardly toward the workpiece 
through a workpiece support aperture defined in the plate. 

234. The method of claim 231 wherein constraining comprises constraining the 
constrained portions in a generally horizontal direction to cause the 
unconstrained portions to extend generally horizontally inwardly toward the 
central region of the workpiece while downwardly sagging. 

235. The method of claim 234 wherein engaging comprises engaging the 
unconstrained portions with an outer edge of the workpiece. 

236. The method of claim 235 wherein engaging comprises engaging the 
unconstrained portions with the outer edge of the workpiece at an angle of less 
than about 10 degrees downward relative to a plane of the workpiece. 

237. The method of claim 231 wherein the plurality of flexible support members 
comprises a plurality of elongated flexible support members. 
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238. The method of claim 237 wherein the plurality of elongated flexible support 
members comprises at least twenty elongated flexible support members, and 
wherein constraining comprises constraining each of the at least twenty 
elongated flexible support members in the workpiece plane plate. 

239. The method of claim 237 wherein the plurality of elongated flexible support 
members comprises at least fifty elongated flexible support members, and 
wherein constraining comprises constraining each of the at least fifty 
elongated flexible support members in the workpiece plane plate. 

240. The method of claim 217 wherein each of the flexible support members 
comprises first and second constrained portions at opposite ends of the support 
member defining the unconstrained portion therebetween, and wherein 
constraining comprises constraining the first and second constrained portions 
in spaced apart relation to cause the unconstrained portion to extend in a 
curved path therebetween. 

241. The method of claim 240 wherein constraining comprises constraining the first 
and second constrained portions to cause the unconstrained portion to extend 
along the curved path from the first constrained portion upwardly and 
inwardly toward the workpiece to a region of contact therewith and to extend 
from the region of contact downwardly and outwardly to the second 
constrained portion. 

242. The method of claim 241 wherein constraining comprises constraining the first 
and second constrained portions to cause the unconstrained portion to extend 
along the curved path such that a tangent to the unconstrained portion at the 
region of contact is substantially parallel to a tangent to an outer 
circumference of the workpiece in the vicinity of &e region of contact. 

243. The method of claim 241 wherein constraining comprises constraining the first 
and second constrained portions to cause the unconstrained portion to extend 
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along the curved path such that a tangent to the unconstrained portion at the 
region of contact extends radially inward toward a center of the workpiece. 

244. The method of claim 240 wherein constraining comprises constraining the first 
and second constrained portions to cause the unconstrained portion to extend 
along the curved path to form a first generally loop-shaped path segment 
extending from the first constrained portion below a plane of the workpiece 
and contacting the workpiece at a lower surface thereof, a second generally 
loop-shaped path segment extending between an outer edge of the workpiece 
and an inner edge of a workpiece plane plate, and a third generally loop- 
shaped path segment extending above the plane of the workpiece and 
contacting the workpiece at an upper surface thereof, the curved path 
teiminating at the second constrained portion. 

245. The method of claim 244 further comprising retracting the second constrained 
portion to move the third generally loop-shaped path segment out of a volume 
defined above the upper surface of the workpiece. 

246. The method of claim 240 wherein constraining comprises affixing the first and 
second constrained portions to prevent motion of the constrained portions. 

247. The method of claim 240 wherein constraining comprises retractably 
constraining at least one of the first and second constrained portions. 

248. The method of claim 247 further comprising retracting the at least one of the 
first and second constrained portions to effectively shorten the unconstrained 
portion. 

249. The method of claim 247 further comprising extending the at least one of the 
first and second constrained portions to effectively lengthen the unconstrained 
portion. 

250. The method of claim 212 wherein the plurality of flexible support .members 
comprises first and second pluralities of flexible support members, and 
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wherein engaging the plurality of moveable engagement portions comprises 
engaging the unconstrained portions of the first plurality of flexible support 
members with a lower surface of the workpiece and engaging the 
unconstrained portions of the second plurality of flexible support members 
with an upper surface of the workpiece. 

251. The method of claim 143 further comprising laterally supporting the 
workpiece. 

252. The method of claim 251 wherein laterally supporting comprises positioning a 
plurality of lateral support members at respective positions relative to an outer 
edge of the workpiece. 

253. The method of claim 252 wherein positioning comprises resiliently engaging 
the plurality of lateral support members with the outer edge of the workpiece. 

254. The method of claim 252 wherein positioning comprises positioning a 
plurality of flexible fibers at the respective positions. 

255. The method of claim 254 wherein positioning comprises positioning the 
flexible fibers at an angle substantially normal to a plane of the workpiece. 

256. The method of claim 251 wherein engaging and laterally supporting comprise 
engaging a vertical support engagement portion of a support member with a 
lower surface of the workpiece, and engaging a lateral support engagement 
portion of the support member with an outer edge of the workpiece. 

257. The method of claim 256 wherein engaging and laterally supporting comprise 
engaging a plurality of vertical and lateral support engagement portions of a 
plurality of respective support members with the workpiece. 

258. The method of claim 256 wherein engaging and laterally supporting comprise 
resiliently engaging the vertical and lateral support engagement portions with 
the workpiece. 
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259. The method of claim 256 wherein engaging and laterally supporting comprise 
engaging, as the vertical and lateral support engagement portions, flexible 
engagement portions. 

260. The method of claim 259 wherein engaging and laterally supporting comprise 
engaging with the workpiece, as the vertical and lateral support engagement 
portions, first and second fibers. 

261. The method of claim 254 wherein positioning comprises positioning a 
plurality of optical fibers. 

262. The method of claim 254 wherein positioning comprises positioning a 
plurality of quartz fibers. 

263. The method of claim 254 wherein positioning comprises positioning a 
plurality of sapphire fibers. 

264. The method of claim 142 further comprising heating a surface of the 
workpiece relative to a bulk of the workpiece to cause the thermally-induced 
motion of the workpiece. 

265. The method of claim 264 wherein heating comprises irradiating the surface of 
the workpiece. 

266. The method of claim 265 wherein irradiating comprises irradiating the surface 
for a time period shorter than a thermal conduction time of the workpiece to 
heat the surface to a greater temperature than a temperature of the bulk of the 
workpiece. 

267. The method of claim 266 wherein irradiating comprises irradiating the surface 
for a time period of less than about 1 millisecond. 



268. 



The method of claim 265 wherein irradiating comprises: 
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irradiating the surface of the workpiece for a first time period less than 
the thermal conduction time of the workpiece, to heat the surface to an 
intermediate temperature greater than that of the bulk of the workpiece; 
and 

irradiating the surface for a second time period less than the thermal 
conduction time of the workpiece, to heat the surface to the desired 
temperature greater than the intermediate temperature, wherein the 
second time period commences within an interval following the first 
time period sufficient to allow at least some thermal bowing of the 
workpiece. 

269. The method of claim 268 wherein irradiating comprises imparting more 
radiant energy to the surface of the workpiece during the second time period 
than during the first time period. 

270. The method of claim 268 wherein irradiating comprises commencing the 
second time period within several milliseconds following the end of the first 
time period. 

271. The method of claim 265 wherein irradiating comprises continuously 
irradiating the surface of the workpiece for an interval shorter than a thermal 
conduction time of the workpiece and sufficiently long to allow at least some 
thermal bowing of the workpiece. 

272. The method of claim 265 wherein continuously irradiating comprises varying 
an intensity of irradiance during the interval. 

273. The method of claim 272 wherein varying comprises irradiating the surface 
with a greater intensity during a later portion of the interval than during an 
earlier portion of the interval. 

274. The method of claim 265 wherein irradiating comprises irradiating the surface 
with a flash lamp. 



WO 2004/057650 



PCT/CA2003/001959 



-115- 

275. An apparatus for supporting a workpiece, the apparatus comprising: 

means for supporting the workpiece; and 

means for allowing thermally-induced motion of the workpiece while 
the workpiece is being supported. 

276. The apparatus of claim 275 wherein the means for supporting and means for 
allowing respectively comprise means for supporting a semiconductor wafer 
and means for allowing thermally-induced motion of the wafer while the 
wafer is being supported. 

277. The apparatus of claim 275 wherein the means for allowing comprises means 
for automatically allowing motion of the means for supporting in response to 
the thermally-induced motion of the workpiece. 

278. The apparatus of claim 275 wherein the means for allowing the thermally- 
induced motion comprises means for allowing motion of the means for 
supporting to minimize stress in the workpiece while supporting the workpiece 
during the thermally-induced motion. 

279. The apparatus of claim 275 wherein the means for allowing the thermally- 
induced motion comprises means for allowing motion of outer regions of the 
workpiece while maintaining a center of mass of the workpiece in a desired 
range. 

280. The apparatus of claim 279 wherein the means for allowing comprises means 
for minimizing motion of the center of mass of the workpiece. 

281. The apparatus of claim 275 wherein the means for allowing comprises means 
for allowing thermal bowing of the workpiece. 

282. The apparatus of claim 275 wherein the means for allowing comprises means 
for allowing thermal bending of the workpiece. 
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283. The apparatus of claim 275 further comprising means for suppressing 
vibration of the workpiece. 

284. The apparatus of claim 283 wherein the means for suppressing comprises 
means for absorbing kinetic energy from the workpiece. 

285. The apparatus of claim 275 further comprising means for applying a force to 
the means for supporting to cause the means for supporting to tend to maintain 
contact with the workpiece during the thermaUy-induced motion of the 
workpiece. 

286. The apparatus of claim 285 wherein the means for applying a force comprises 
means for applying a torque to the means for supporting. 

287. The apparatus of claim 285 wherein the means for applying a force comprises 
means for applying a first force and means for applying a second force to 
apply first and second opposing torques to the means for supporting, the 
second torque acting to oppose overshoot by the means for supporting of an 
equilibrium position thereof. 

288. The apparatus of claim 285 wherein the means for applying a force comprises 
means for applying a constant force. 

289. The apparatus of claim 285 wherein the means for supporting comprises 
means for transmitting at least some irradiance wavelengths with which the 
workpiece is capable of being irradiance-heated. 

290. The apparatus of claim 285 wherein the means for supporting comprises 
means for reducing friction between the means for supporting and the 
workpiece. 

291. The apparatus of claim 275 further comprising means for moving the means 
for supporting in response to the thermally-induced motion of the workpiece. 
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292. The apparatus of claim 291 further comprising means for translating a linear 
motion of a moveable member of the means for moving into an arcuate motion 
of the means for supporting. 

293. The apparatus of claim 291 wherein the means for moving comprises means 
for adjusting positions of the means for supporting to minimize a difference 
between a weight of the workpiece and an upward force applied to the 
workpiece by the means for supporting. 

294. The apparatus of claim 291 wherein the means for moving comprises means 
for adjusting positions of the means for supporting to maintain a difference 
between a weight of the workpiece and an upward force applied to the 
workpiece by the means for supporting within a desired range. 

295. The apparatus of claim 291 further comprising means for detecting the 
thermally-induced motion of the workpiece. 

296. The apparatus of claim 275 wherein the means for supporting comprises first 
means for supporting the workpiece and second means for supporting the 
workpiece, the first means for supporting being engageable with a lower 
surface of the workpiece and the second means for supporting being 
engageable with an upper surface of the workpiece. 

297. The apparatus of claim 296 wherein the first and second means for supporting 
are engageable with the lower and upper surfaces of the workpiece at an outer 
perimeter zone of the workpiece. 

298. The apparatus of claim 291 wherein the means for moving comprises means 
for minimizing forces applied between the workpiece and the engagement 
portions. 

299. The apparatus of claim 298 wherein the means for minimizing comprises 
means for minimizing a difference between a weight of the workpiece and a 
force applied between the means for supporting and the workpiece. 
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300. The apparatus of claim 291 wherein the means for supporting comprises 
means for resiliently supporting the workpiece. 

301. The apparatus of claim 300 wherein the means for allowing comprises means 
for applying torques to the means for supporting about respective pivot points 
thereof to cause the means for supporting to tend to maintain contact with the 
workpiece, and wherein the means for moving comprises means for moving 
the pivot points of the means for supporting. 

302. The apparatus of claim 300 further comprising means for detecting the 
thermally-induced motion of the workpiece. 

303. The apparatus of claim 275 wherein the means for supporting comprise 
flexible means for supporting. 

304. The apparatus of claim 303 further comprising means for constraining the 
means for supporting. 

305. The apparatus of claim 303 wherein the means for allowing comprises means 
for applying a force to the flexible means for supporting to cause the means 
for supporting to tend to maintain contact with the workpiece during the 
thermally-induced motion of the workpiece. 

306. The apparatus of claim 305 wherein the means for applying a force comprises 
means for applying a torque. 

307. The apparatus of claim 303 wherein the means for supporting are engageable 
with a lower surface of the workpiece at an angle of 10 to 80 degrees relative 
to a plane of the workpiece. 

308. The apparatus of claim 303 wherein the means for supporting are engageable 
with a lower surface of the workpiece at an angle of 15 to 35 degrees relative 
to a plane of the workpiece. 
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309. The apparatus of claim 304 wherein the means for constraining comprises 
means for clamping. 

310. The apparatus of claim 304 wherein the means for constraining comprises 
means for affixing the means for supporting to a workpiece plane plate. 

311. The apparatus of claim 296 further comprising means for retracting the second 
means for supporting to move the second means for supporting out of a 
volume defined above the upper surface of the workpiece. 

312. The apparatus of claim 303 further comprising means for retracting the 
flexible means for supporting. 

313. The apparatus of claim 275 further comprising means for laterally supporting 
the workpiece. 

314. The apparatus of claim 313 wherein the means for laterally supporting are 
resiliency engageable with an outer edge of the workpiece. 

315. The apparatus of claim 314 wherein the means for laterally supporting are 
flexible. 

316. The apparatus of claim 275 further comprising means for heating a surface of 
the workpiece relative to a bulk of the workpiece to cause the thermally- 
induced motion of the workpiece. 

317. The apparatus of claim 316 wherein the means for heating comprises means 
for irradiating the surface of the workpiece. 

318. The apparatus of claim 317 wherein the means for irradiating comprises 
means for irradiating the surface for a time period shorter than a thermal 
conduction time of the workpiece to heat the surface to a greater temperature 
than a temperature of the bulk of the workpiece. 

319. The apparatus of claim 317 wherein the means for irradiating comprises: 
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means for irradiating the surface of the workpiece for a first time 
period less than the thermal conduction time of the workpiece, to heat 
the surface to an intermediate temperature greater than that of the bulk 
of the workpiece; and 

means for irradiating the surface for a second time period less than the 
thermal conduction time of the workpiece, to heat the surface to the 
desired temperature greater than the intermediate temperature, wherein 
the means for irradiating the surface for the second time period 
comprises means for commencing the second time period within an 
interval following the first time period sufficient to allow at least some 
thermal bowing' of the workpiece. 

320. The apparatus of claim 317 wherein the means for irradiating comprises 
means for continuously irradiating the surface of the workpiece for an interval 
shorter than a thermal conduction time of the workpiece and sufficiently long 
to allow at least some thermal bowing of the workpiece. 

321. The apparatus of claim 320 wherein the means for continuously irradiating 
comprises means for varying an intensity of irradiance during the interval. 

322. The apparatus of claim 321 wherein the means for varying comprises means 
for causing me surface to be irradiated with a greater intensity during a later 
portion of the interval than during an earlier portion of the interval. 

323. A computer-readable medium storing instruction codes for directing a 
processor circuit to control a workpiece support system to execute the method 
of claim 142. 



324. 



The medium of claim 323 further comprising instruction codes for directing 
the processor circuit to control the workpiece support system to execute the 
method of claim 184. 
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325. A computer program comprising code means that when executed by a 
processor circuit control a workpiece support system to carry out all the steps 
of claim 142. 

326. The program of claim 325 further comprising code means that when executed 
by the processor circuit control the workpiece support system to carry out all 
the steps of claim 184. 

327. A computer program on a carrier carrying code that when executed by a 
processor circuit controls a workpiece support system to carry out all the steps 
of claim 142. 

328. The program of claim 327 further comprising code that when executed by the 
processor circuit controls the workpiece support system to carry out all the 
steps of claim 184. 

329. A signal embodied in at least one of a communications medium and a carrier 
wave, the signal comprising code segments for directing a processor circuit to 
control a workpiece support system to carry out all the steps of claim 142. 

330. The signal of claim 329 further comprising code segments for directing the 
processor circuit to control the workpiece support system to carry out all the 
steps of claim 184. 

331. The apparatus of any one of claim 1, claim 2 and claim 4 to claim 141 wherein 
the workpiece comprises a semiconductor wafer, and wherein the support 
system is configured to support the wafer while allowing thermally-induced 
motion of the wafer. 

332. The method of any one of claim 142, claim 143 and claim 145 to claim 274 
wherein supporting while allowing comprises supporting a semiconductor 
wafer while allowing thermally-induced motion of the semiconductor wafer. 
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333. The apparatus of any one of claim 275 and claim 277 to claim 322 wherein the 
means for supporting and means for allowing respectively comprise means for 
supporting a semiconductor wafer and means for allowing thermally-induced 
motion of the wafer while the wafer is being supported. 

334. The medium of claim 323 further comprising instruction codes for directing 
the processor circuit to control the workpiece support system to execute the 
method of any one of claim 143 to claim 274. 

335. The program of claim 325 further comprising code means that when executed 
by the processor circuit control the workpiece support system to carry out all 
the steps of any one of claim 143 to claim 274. 

336. The program of claim 327 further comprising code that when executed by the 
processor circuit controls the workpiece support system to carry out all the 
steps of any one of claim 143 to claim 274. 

337. The signal of claim 329 further comprising code segments for directing the 
processor circuit to control the workpiece support system to carry out all the 
steps of any one of claim 143 to claim 274. 
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